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PREFACE
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ABSTRACT -

A study is made using actual metric photography taken by Apollo 15
after the Trans Earth Injection (TEI) when the spacecraft left the lunar orbit.
After measurements on 12 frames were reduced for 11 known control and unknown
points on the eastern limb, a least squares adjustment program provided the
simultaneous solution for the selected points. The results indicate an improvement
in selenodetic control may be achieved over a limited portion of the lunar limb;
however, the solution could be further improved by strengthening the geometry of
intersecting rays through additional observations of the same area using film from

the succeeding Apollo missions.



1. INTRODUCTION

It was shown in an earlier report (Sprague [ 33] ) that it is theorectically
feasible to extend control from points of known location to unknown points on the
lunar surface through the use of photogrammetric techniques with Apollo metric
photography taken after the spacecraft leaves the moon's orbit. Specifically,
this report used the theory with the data available from the Apollo 15 mission
(July, 1971). Whenever possible, the nomenclature and the testing with real
data followed the original report so that this is in part, a follow-on study; how-
ever, it is complete in that it stands alone on its own organization, results,
conclusions and recommendations.

Measuring the moon, establishing lunar control, preparing lunar charts
and solving for the physical shape, libration and orbiting parameters from earth-
based telescopes and photographs had progressed to the limit of the observational
capabilities of the equipment available when the first spacecraft approached the
moon [8]. Determining plate constants, effects of atmospheric 'seeing, ' and
continuous reference to Franz's earliest heliometric measurements were some
of the problems encountered and are discussed in the first section of the report.

The spacecraft, in particular, the Lunar Orbiter Series, provided a new
perspective to the moon and consequently a new chapter was written on lunar chart
preparation. The advent of man's venture to the surface forced to the forefront
the requirement of having known control in order to prepare for a successful
landing. The orbiting astronauts established landmark tracking points around the
lunar equator. According to Robert M. Bizzell and Rigdon E. Joosten of NASA [4]
these coordinates are felt to compose the most satisfactory control network
available. The Apollo 15 was the first to carry a complete metric camera

assembly designed to assist in the measure of the moon.



Twenty of the second generation frames showing the eastern limb of the
moon receding from view with 100% overlap taken from TEI (Trans-Earth
Injection) + ~20 minutes to TEI + ~ 47 minutes were selected for this study.

Four control points, three lunar landmark tracking and one earth-base control
point were found on the limb in the 'window' of visible features in the photo frames.
Seven additional points whose positions were estimé.ted from ACIC charts were
selected as the NEC (New Extended Control) points which were solved for in

the adjustment.

These eleven points on twelve photographs were measured on an AP/C (Analyt-
ical Plotter/Commercial) and the subsequent coordinates were reduced for the
block adjustment program. The FORTBLOCK adjustment program processed
6 and 12 photo blocks and provided the adjusted coordinates for the eleven points
and twelve exposure stations. Due to the unusual géometry of receding photography
each of the 6 and 12 photo block adjustment was iterated six times. After the
sixth iteration of the 12 photo block a follow on prdgram provided the adjusted
latitude and longitude of the seven NEC points from the adjusted selenographic
coordinates.

Although the results were reasonable one area of concern was evident.

The adjustment of the 6 and 12 photo block had an effect on the residuals and
standard deviations of the four control points.” In almost all cases the resulting
standard deviations were larger than that pquided by NASA. It is felt that this
is attributed to the following causes: a) only four control points were located,
b) the four control points were located on the limb of the photographed moon,

c) the receding photography provided a very small horizontal base-height ratio.
It is concluded that the resulting poor geometry could be improved by a) a more
equatorial TEI trajectory which would allow the available control points to be
centrally located, b) rephotographing the séme NEC points on succeeding lunar
flights, c) reaccomplishing the adjustment by using fhe film and data from suc-

ceeding Apollo missions,



2. HISTORY

The problem of unraveling the moon's history is a broad subject, cover-
ing as many areas of the physical sciences as any other. Since man has visited
the ever present neighbor as many more questions have been raised as have
been answered. The determination of the physical libration constants, the
shape of the moon, the measurement of fundamental features and production
of accurate lunar charts are all an interwoven part of this history and the
answers are as varied as the authors. An outline of the problems and previous
accomplishments is provided in earlier reports 18], [29], 33] and will not
be repeated here; however, prior to the presentation of this project a brief
introduction on measurement of lunar features and lunar charts is in order.

This chapter will describe the development of earth-based measurement of
lunar coordinates using the heliometer and earth-based photographs in the first
section. It will discuss the use of the heliometer by Franz, the measurements
of earth based photographs by the University of Manchester, the problems that
evolved, and ACIC's efforts at establishing lunar control coordinates. The

second section will discuss the improvements provided by spacecraft photography.

2.1 Development of Earth-Based Heliometric

and Photographic Measurements

Almost all notable efforts of measuring and establishing control on the
moon started with the development of the heliometer, a device used for measur-
ing angular separation from a reference point to the limb. The heliometer was
invented in 1748 by Bouguer and was modified by Dolland. The device con-
sisted of a telescope with two objectives mounted side by side so that two
images of an object would be formed and the movement of one in relation to the

other would provide measurement of angular distances. The modification consisted



of replacing the two lenses by two halves of a bisected lens so that only one
superimposed image appeared at the focus. If one half moves in relation to the
other similar angular separation can be measured. Since it was used for
measuring the diameter of the sun it was called "heliometer." Bessel used the
heliometer in 1839 to measure the distance between the center and lunar limb
in order to solve for physical librations [15]. Although precise measurements
have been made there are certain limitations. The largest aperture of any
heliometer used is 8 inches and based on physical optics it cannot resolve
angular separations smaller than one second of arc. Analysis of point loca-
tions refined further than this limitation is reaching for information inside
diffraction patterns [14].

The basis for earth-based measurements of lunar features stems from
Franz's 1890 heliometric measurement of eight craters in reference to the
ninth - a center crater named Mosting A. These nine points with their accura-
cies and inaccuracies have formed the basis for numerous subsequent measure-
ments. Franz measured an additional 141 points on five Lick Observatory
plates in 1891 and inconsistencies were already established for the location
of the assigned center point. In fact Ruffin and Meyer [ 31] show considerable
discrepancies by seven prominent men in establishing the coordinates of this
crater. A fundamental fault of Franz's measurements was the lack of deter-
mination of heights.

In 1958 Schrutka-Rechtenstamm reduced these 150 measurements and
he developed absolute heights (i.e., absolute heights above and below a éphere
with a radius of 1738.0 km). It is important to note that this was the first
time that all heliometric readings were unified into a comprehensive mean
to compute the libration constants. A list of these features, their coordinates
and heights can be found in ['31].

From this time all efforts-were directed towards determining the

heights of features. If one is given enough three dimensional coordinates one



can determine the shape of the moon, in particular the tidal bulge and then
the answers to some of the questions may become possible. Of the numerous
efforts several are of interest.

In 1963, Baldwin in the Measure of the Moon, showed the results of

measurements on 696 lunar features, but the measurements were made on only
five Lick Observatory plates. G.A. Mills of the Department of Astronomy,
University of Manchester, England in 1967 increased the number of observations.
He divided the visible portion into 96 zones and he provided the measured and
reduced coordinates of 919 points. He also used the 'stereoscopic’' method
which involved the taking of photographs at different librations to utilize the
apparent displacement effect. Although the displacement averages 15°, the
effect provided measurements on at least 28 plates for each feature [207].

Three problems arise in the measuring and determining coordinates of
these lunar features and are discussed in subsequent paragraphs, 1) determination
of plate constants 2) coordinates were based on 38 selected Franz-Schratka-
Rechtenstamm and Meyer-Ruffin points whose coordinates were felt to be well
known 3) effects of atmospheric 'seeing. '

Zdenek Kopal, also of the Department of Astronomy, University of
Manchester working for AFCRL in 1969 - 1970,recognized the problem of
determining plate constants. His solution consisted of photographing the moon
on pre-exposed stellar plates. The great advantage of the star calibrated lunar
photographs is the ability to define the inclination of the lunar axis very precisely.
"The plate constants which are defined by comparison of the stellar positions
measured on the photographic plates to their equatorial coordinates include
the rotation transformation which makes the axis of measures parallel to the
projection of the ecliptic coordinates on the plate" [_16] .

A. A, Gurshtein and N, P, Slovokhotova of the Institute for Space Research,
Moscow, recognized that well-established lunar control must be found inde-

pendent of the original nine Franz points [11]. Their concept, though theorectical,



is to solve the libration problem by long and systematic earth-based observations,
including the installation and.usé of cube-corner retro-reflectors 'arid deviées

for observing from the lunar surface at approximately 20 pofnts. These could

be extended to 200 "first order'" points for determining the moon's shape and

for small scale mapping (1:1,000,000) suchasthe ACIC LAC series. This net-
work could be further extended to 20, 000 near side points for '"third order" work.
Since their concept involves a long-term solution, the authors evaluated six
previous catalogues by men prominent in the field. The coordinates of 192

easily identifiable, symmetrical, well-distributed features were selected to

be used as a fundamental network until their concept was attempted [117].

The 'seeing' broblem was investigated by Donald L. Meyer when ACIC
worked on establishing lunar control for their charting efforts prior to and
during the Apollo missions. By experimenting and testing with different
sequences and times of exposures, efforts were made at reducing the circular
error of plate-to-plate transformation for mean plate coordinates. The purpose
of the test was to demonstrate the distortions caused by 'seeing' effects as op-
posed to measurement and interpretation errors and it was shown that the error
can be reduced from 22 microns to 8 microns when a particular sequence and
time exposure is used - but the important point is that this is an additional
problem area included in the solutions. These distortions can give a dis-
placement of 1 - 2 km which is nearly as large as the departures from the
lunar sphere (averages 1738 + 3 km, Kopal) required for determination of the
lunar shape, orbital motion and libration constants problem etc. 197.

The ACIC effort in 1965 at establishing lunar control is quite rigorous
and is explained fully in (1], [6], (31]. The stereoscopic principal or inter-
section. of perspective rays was used on a sequence of plates taken at Pic~du-Midi
Observatory, France and U, S, Naval Observatory, Flagsfaff. Even at the best
resolution, the photographs only show features 1 - 3 km in size. The solution of

the 'seeing’ problem in using features of this size was attempted by taking different



sequences and exposures at these two observatories so that an averaging of the
displacements could be performed. ACIC selected 196 points for measurement
including 31 Franz-Schrutka points which were selected as fundamental points.
This list of 196 plus an additional list of 89 point locations along with the as-
sociated standard errors in x, y, h were used for this report and are described
in Chapter 3.

This brief outline of the efforts at establishing lunar control from earth-
based procedures is not meant to be all inclusive nor is it meant to slight the
important work by others such as Marchant, Arthur, Montsoulas, Hunt, AMS,
DOD, etc., but its purpose was to show the underlying problems that have

persisted in the development of obtaining feature positioning on the moon.

2.2 Spacecraft Improvements in Selenodetic Control

A large étep forward was taken with the Lunar Orbiter spacecraft
photos starting from 1966 through 1967, for now different perspectives were
available and the problem of the earth's atmosphere could be circumvented.
This made the first real procedure available where the control could be
established away from the center of figure concept of Franz and true inde-
pendent control could be established as discussed in [29]. The Orbiter photo-
graphy, though not of photogrammetric quality, led to the development of the
excellent series of ACIC charts which provided the first complete and relatively
accurate picture of the entire lunar surface. However, it is not until the
establishment of control points taken in an inertial system from the Apollo series
which is dependent on the lunar motion and lunar datum defined by the center of
mass are the resulting coordinates free from Franz's measurements 227, r3o].

The history of the mapping of the moon is covered explicitly in [6] [17].
However, since the Orbiter IV photographs énd the ACIC lunar charts were used
as sources for selenodetic control in this project, a word of introduction is

necessary. The Lunar Orbiter series and particularly Orbiter IV which was



placed in a near polar orbit provided the first complete detailed imagry of the
lunar farside. Although the pictures were not designed for photogrammetric
work, enough data, especially the orbital information data, was available in
order that photogrammetric triangulation of areas near Apollo landing sites
was accomplished which greatly enhanced the ACIC charts. The series of ACIC
charts includes the first nearside 1:1, 000, 000 Lunar Astronautical Chart (LAC)
based on the 196 fundamental points. This series of 1:1,000, 000 appears to be
the most popular international working scale for réasons described in (9] .
The 1:2,500, 000 Lunar Planning Chart (LOC) was devised by using the Orbiter 1I-v
information for a positional reference system which related features from the
near side to far side [4]. Ruffin explains in [ 32] the details of the positional
reference system. He describeé the Orbiter spacecraft orbiting information,
the selected frames in matching the control photographed to the near side control
points then extending to the far side regions. The extension was first to areas
of photo coverage then into areas without photo coverage. The misclosures of
the extensions were distributed linearly.

Now Apollo landmark tracking points are available to provide control
in an equatorial region around the moon. The first attempt, procedure and
coordinate results by Apollo 8 are covered in 1227. The addition of a number
of points by succeeding Apollo missions through Apollo 12 is described in [4],
307, [33]. The reliability of these positions is such that they are now used
for this project and for evaluation of current lunar cartographic work because...
" (1) the Apollo Landmark control points are in a center of mass system,
(2) their values are consistent, (3) the orbital parameters used in their reduc-
tion are superior to previous programs, e.g., Lunar Orbiter, (4) the space-
craft optical sighting technique yields stronger‘and redundant geometry for
improved solution and reliability determinations; (5) the control points extend
to the lunar backside where no control existed previously, (6) no significant

improvement in accuracy of future control systems are anticipated and (7) these



control points are consistent with the Apollo navigation system for which
subsequent operational and mission planning is a primary requirement of

lunar cartographic products.' [4].
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3. APOLLO 15 MISSION

3.1 Summary of Mission

The successful Apollo 15 mission, the first of three flights scheduled in
the ApolloJ series and the first to provide mapping quality photographs of the
lunar surface was launched from Kennedy Space Center, Florida at 9:34:00 a.m.
e.d.t. on July 26, 1971. The spacecraft was manned by Colonel David R. Scptt,
Commander; Major Alfred J. Worden, Command Module Pilot; and Lt. Colr
James B. Irwin, Lunar Module Pilot.

Each Apollo mission has numerous time categories and two of interest
are the Apollo Elapsed Time and Ground Elapsed Time. The Apollo Elapsed
Time is the time from range zero and range zero is the integral second prior
to lift off. The Ground Elapsed Time is the time monitored from actual space
vehicle lift off. The difference between AET and GET was less than one
second for Apollo 15 [23]. After a GET (Ground Elapsed Time) of 173.5 hburs
into the mission the ascent Stage that lifted off the lunar surface docked with
the command module. The lunar orbital phase of the Apollo 15 mission was
terminated when the module's poéition was approximately 180° longitude, by
the TEI (Trans-Earth Injection) maneuver at 223:48:45 which lasted 141.2 sec-
onds [26]. | The path of the orbit as projected to the lunar surface from TEI +
~ 20 minutes to TEI +~ 1 hour 42 minutes .is shown in .Figure‘l. The trans
earth coast extravehicular activity began at about 242 hours and the Command
Module Pilqt retrieved the film cassettes and examined the SIM (Scientific
Instrument Module). The mission terminated with the landing at a GET time

of 295:11:53 [ 26].

3.2 Apollo 15 SIM Equipment

The location of the SIM in the Apollol5 service module is shown in Figure 2.

11
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The SIM contained the Fairchild 3 inch metric camera, the 3 inch stellar
camera, the Itek 24 inch optical bar panoramic camera, the RCA ruby

laser altimeter and equipment for the spectrometer experiments. The SIM
bay was uncovered approximately 4.5 hours before insertion into lunar orbit.
The orientation of the experiments with respect to the lunar surface was
determinted from the spacecraft trajectory and inboard gimbal angles.

The 3 inch mapping camera and the 3 inch stellar camera which were
used for orientation made up the MCS (Mapping Camera Subsystem). The
interlock angle between the cameras was 96° +30° [28]). This study only
used the film from the 3 inch mapping camera. The parameters of the map-
ping camera are listed in Table 1. The complete camera specifications are
found in [7].

Film flattening was accomplished by means of a glass focal platen and
a movable pressure plate. The emulsion side of the film was in contact with
the focal plane platen. There is a 121 square reseau pattern and eight fiducials.
The reseaus are 10 mm apart, 2 mm in length and the line width is .005 mm.
A diagram of the film format is shown in Figure 3.

The complete stellar calibration of the metric mapping camera is found
in [28]. The report was prepared by Raytheon, Autometric, Alexandria,
Virginia uader contract to Fairchild Space and Defense Systems (FSDS). The
stellar field calibration was performed at the NASA White Sands Test Facility,
Las Cruces, New Mexico during 25 - 26 March, 197L Certain values from
the calibration report were extracted for use in this study and the details
will be covered in succeeding sections. They include (1) calibrated focal
length, (2) calibrated principal point, (3) radial distortion parameters,

(4) lens distortion parameters, (5) calibrated coordinates of the reseau grid.
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Type: Stationary film

Lens and Aperture: 3 in. f/4.5 (fixed)

Format: 4 1/2x41/2 in.
Coverage: 74° x 74°

Film: 5 in., 2.5 mil base unperforated

%
Altitude: 30 to 80 nautical miles
Film Capacity: 1,500 feet

Cycle Time: 8.25 to 33.0 sec./cycle
Exposure Time: 1/15 to 1/250 sec.

- Exposure Control: Automatic between lens shutter

Forward Motion Compensation: 12.1 to 16.1 milliradian/sec. (optional)
(in five discrete steps: 12.1, 13.1, 14.1, 15.1, 16.1 mill radian/sec.)

Resolution: 90 lines/mm AWAR, 2:1 contrast target EK 3404 film
*k
Distortion: + 50 microns radial , 5 microns tangential
*
Overlap: 78% (nominal) or 58%, adjustable only prior to installation in spacecraft

Fixed Data:
Reseau
Fiducial _
Camera Serial Number

Auxiliary Data:
Coded T}(g{r}"e
Altitude ok
Shutter Speed
3k %k k
FMC on/off

*
This study enlarges these values as explained in succeeding sections
* %
See section 3.3.2 for analysis of computed values
* %k %
Not available for frames for this study

Table 1 Mapping Camera Characteristics
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4. PROCEDURE

The first section of this chapter describes the orientation of the visible
portion of thé moon and the evaluation of the selected frames taken by the
Apollo 15 metric camera after the TEI., Examination of the selenographic system,
the photo-interpretation of control points and the sclection of NEC (New Extended

Control) points is provided in Section4.2.1 through 4.2.3. The observation and

"reduction of these features, the adjustment of the unknown parameters (i.e., NEC

points and exposure station elements) are discussed fully in Section 4. 3 and 4. 4.

4,1 Evaluation of Metric Camera Film

The fourth generation diapositive of the last roll of film taken by Apollo 15
was made available by the Mapping Science Branch, NASA, MSC, Houston, Texas.
This roll contained the frames covering the lighted portion of the surface taken
during the last few revolutions when the spacecraft was in its nominal 60 - 80
nautical mile orbit. Of interest to this project was the sequence of frames taken
when the lighted surface appeared approximately 20 min. after the TEI, It
is this sequence where the moon is receding from view in each successive frame
that was used in attempting to extend control from the known to the unknown
points. Drawings at actual scales of selected frames of this sequence are shown
in Figures 4 - 9.

The problem of orientation of the visible portion of the lunar surface
was difficult. There is only a narrow band of approximately 20 ° longitude where
distinct craters can be discerned. The remainder is lost either due to high
reflection or due to complete darkness beyond the terminator. That portion that
is visible is approximately at 85° - 105° longitude east and is not visible from
earth-based photography. The lunar orientation was solved by examination of
the orbiter photos asdescribed in {18]. There are two features immediately
apparent from this sequence of pictures: 1) the trajectory and thus, the resulting

pictures of the lunar surface are in an area much further to the east and south
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Figure 4. Frame 2753 at TEI + 20 min
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Figure 5. Frame 2765 at TEI + 25 min

19




= - 31°,29 A =102°,78 Range = 1915, 1 (km)

+ +
Mare + +
Smithii

+ 4+
Humboldt . .
+ 4
Lyot + -+
Jenner
“+ +
Shadow’ - "
Band
+ 4
+ -+
+ + + + + + + + + + -+

Figure 6. Frame 2780 at TEI + 30 min
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Frame 2795 at TEI + 35 min
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Frame 2810 at TEI + 40 min
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Figure 9. Frame 2825 at TEI + 45 min
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than anticipated [277]. For example, Mare Crisium, a prominent feature shown
in the pictures in [ 27], is not even clearly visible in the Apollo 15 frames
because the spacecraft is above an area much further south and east. 2) one
hundred percent overlap is visible almost immediately.

From the roll of film 20 frames were selected for further study. The
guidelines in selecting the frames were as follows: 1) the selection should
commence at approximately TEI + 20 minutes and continue for every few minutes
as indicated in Sprague's original work [33]. It should be noted that this is the
time of the first frame. 2) enough frames should be selected so that there would
be an excess number of observations for the block adjustment program. 3) Sprague's
project [33] showed that the block adjustment program results were not improved
when the number of photos was increased beyond 14 - 16,consequently, the num-
ber 20 was selected to provide an overlap. A list of the selected frames are
shown in Table 2. Frame number 2773 was the first after the TEI. The last
frame, number 2830, was arbitrarily selected because it was felt that the view of
the moon was becoming too small for any practical use in this study. After the
selection, NASA provided second generation diapositives of the 20 frames for
the actual measurements and the resolution was greatly improved.

The information for Table 2 came from the following sources:

Col. 1 - frame number as it appears on the film.

Col. 2 - the time extracted from the auxiliary data block on
each frame.

Col. 3 - this is an approximate number to the nearest minute.
The time of the TEI is subtracted from the time of the
photograph in Col. 2.

Col. 4, 5, 6 - extracted from the Apollo Flight Data Report 257 .

Col. 7 - the radius of the moon taken at 1, 738.1 km was sub-
tracted from the selenocentric distance in Col. 6 after
conversion to kilometers.
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1) (2) (3) N €O (5)
Frame No.| Time (G.E.,T.) TEL + ~ Selenographic Selenographic
hr. min, sec. min, latitude longitude
1. 2753 224 8 58.0 20 - 32999 119°14
2. 2756 224 9 59.0| 21 - 32.89 116. 87
3. 2759 224 11 0.0 23 - 32,75 114.74
4. 2762 224 12 1.0 24 - 32,58 112.73
5. 2765 224 13 2.0 25 - 32,40 110. 83
6. 2768 224 14 4.0 26 - 32.20 109, 04
7. 2777 224 15 5.0 217 - 31.98 107. 34
8 2774 224 16 6.0 28 - 31.76 105. 74
9. 2777 224 17 7.0 29 - 31.53 104, 22
10. 2780 224 18 8.0 30 - 31.29 102.78
11. 2785 224 19 50.0 31 - 30.81 100,12
12. 2790 224 21 32.0 33 - 30.56 98. 89
13, 2795 224 23 14.0 35 - 30.08 96, 60
14. 2800 224 | 24 | 56.0 36 - 29.60 94,52
15. 2805 224 26 38.0 38 -'29.13 92.63
16, 2810 224 28 21.0| 40 - 28.90 91.74
17. 2815 224 | 30 2.0| 42 - 28.45 90. 08
18. 2820 224 31 44.0 43 - 28.02 88.55
19, 2825 224 33 26.0{ 45 - 27.60 87.13
20. 2830 224 35 | 29.0 417 - 27.20 85. 82

Table 2 Selected Frames.of Metric Caniera SN - 003
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®) (6) (M (8) )
Frame No. | Selenocentric{ Range to Scale 10 microns =
Dist. (ft.) Surface (km) approx. (meters approx)
1. 2753 9461741.6 1145. 839 1:15, 000,000 150
2. 2756 9731846.9 1228.167 1:16,000, 000 160
3. 2759 10005413. 0 1311.550 1:17, 000, 000 172
4, 2762 10281993.0 1395, 851 1:18, 000, 000 184
5. 2765 10561192, 0 1480. 950 1:19, 000,000 195
6. 2768 10842660. 0 1566, 743 1:21, 000, 000 206
7, 2771 11126086. 0 1653. 131 1:22, 000, 000 218
8. 2774 11411197.0 1740, 033 1:23,000, 000 229
9. 2777 11697749.0 1827. 374 1:24, 000, 000 240
10. 2780 11985528, 0 1915. 089 1:25, 000,000 252
11, 2785 12564023, 0 2091.414 1:27, 000,000 275
12, 2790 12854421.0 2179. 928 1:29, 000, 000 287
13. 2795 13436853.0 2357.453 1:31, 000, 000 310
14. 2800 14020743.0 2535, 422 1:33, 000, 000 334
15, 2805 14605387, 0 2713, 622 1:35, 000, 000 357
16, 2810 14897813.0 2802.1753 1:37, 000, 000 369
17. 2815 15482583.0 2980, 991 1:39, 000, 0600 392
18. 2820 16066927. 0 3159. 099 1:42, 000,000 416
19, 2825 16650539. 0 3336. 984 1:44, 000, 000 439
20, 2830 17233177.0 3514,572 1:46, 000, 000 462
Table 2

Selected Frames of Metric Camera SN - 003 (con't)
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- this is a rounded number computed from

Col. 8
_f_76 mm
scale ="~ Col., 7
Col. 9 - this is a rounded number computed from

76 mm =' range (Col, 7)
10 u X

range
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It is merely a guideline to show what 10 microns on the film represents on the
lunar surface.

Examination of the selected frames and the data in the Table 2 indicated
several problems: 1) the scale is much smaller than any conventional map-
ping project, 2) it is apparent that the spacecraft is not traversing across the
lunar surface as in the case of normal strip photogrammetry but appears to
be coming straight out of the large prominent, dark center crater Jenner in
Mare Australe. This near vertical trajectory provides very poor geometry of
intersecting rays at the nadir region of the photographs. An indicator of good
or poor geometry in photogrammetry is the base-height ratio and trouble is
usually predicted when the base-height ratio is <.3 10]. 1In this case the
horizontal base is very small compared to the altitude and for all practical
purposes the ratio is nearly zero, (approximately .04). The geometry of inter-
secting perspective rays from the exposure station is further compounded by
the fact that the known control is grouped very closely together on the northern
or upper limb and the selected unknown points range mostly in the southern
area. This grouping of control in a small area coupled with large altitudes
provides a very narrow cone for the intersection of rays in solving for the
exposure station.

4.2 Selection of Control and NEC (New Extended Control)

4.2.1 Selenographic Coordinate System

The selenographic coordinate system as used here is not what some
literature describes in the catalogues as the 'true' coordinate system but
rather is the dynamical coordinate system. It is fixed to the lunar sphere with
its origin at the center of mass [12]. This system is shown in Figure 10,
It is right handed with the X axis positive towards the earth, the 7 axis is lying
on the rotational axis of the moon with positive to the north and the Y axis com-
pleting the system [ 33].

The selenocentric coordinates may be obtained from latitude ©), longitude
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Selenographic Coordinate System Fixed to the Lunar Sphere
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(\) and radius (R) by the followingl 2] :
X. =R cospcos X
Y. =Rcos@sin
Z, = Rsino
The selenographic coordinates being center of mass oriented may be obtained by
an appropriate origin shift in kilometers along the selenocentric axes [33] so that
the transformation becomes:
:X=Rcospcos\-2,5
Y=Rcosp sinA +1.0
Z =R sinp-.5
From [ 33] the moon's radius in this report is also taken as 1738.1077 km.
4,2.2 Visible Lunar Control

Photointerpretation or identifying known points was accomplished by
examination of other photographs with the points indicated. The known control
identified and used in this project were of two types: 1) ACIC control and
2) Lunar Landmark Control.

NASA's Mapping Science Branch provided the enhanced Orbiter IV
photographs of the frontside and eastern limb listed in Appendix I with ACIC's
196 fundamental and 89 additional identifyable control points circled [3]. Due
to the attitude of the Apollo spacecraft there was only one control point, ACIC
#69 on Orbiter IV photo 185H1, identifyable on the Apollo 15 film.

Fortunately,additional pictures were available of the Lunar Landmark
Control [22] [30][33]. In the 'window' of visible features on the Apollo 15
film three of these points were discernable. Three points were not visible in
the first seven frames consequently the measurements began with frame
number 2774. The following Table 3 shows the control used in this study. The
source for points 1 and 2 is ‘|'30]; for point 3 which is a feature tracked by Apollo 14,

the latitude and longitude were supplied by NASA; for point 4 [1].
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Frame| Name o | oo x | ox | R &m) |oR @m)
No.
1. |F-1/10 198722 {20203 | 8872532 (20104 | 1733.007 | .378
2. |[cP-3/8 | - 8.8990 | .0145 | 96.8915 |.0226 | 1735.374 | .430
3. {Ansgarius | -11.633 * 81.068 * * *
4. |ACIC 69 -18.478 | .013 | 62.113 |.034 | 1736.130 | .540

* not available

Table § Coordinates of Control Points

The above coordinates were converted to selenographic X, Y, Z coordinates
and are listed in Table 4. The standard errors () were calculated by the fol-
lowing propagation or error [13] [35]. Since no correlation was provided the
©, \, and R covariance terms are omitted. The resulting covariance terms
between X, Y, and Z are also neglected, since only the standard deviation (g
is required for the diagonal weight matrix which is ﬁsed in the adjustment.
The weight matrix is discussed further in Section 4. 4. 1.

X=Rcosg@cos A -2.5
Y=RcospsinA+1.0
%z =Rsing - 0.5

. 2 \ 2 2 . 2

of - (L0 (B (PEST L e (2

* \3¢ p/ X/ 3R/

2 2 2 2
o (@Y L @& Joy
Oy \p/ \ap/ \p \ax) 9% 3R

2 2
_ i\ BZ\ 2 /97N
7 (p ) 3o/ " \3R/
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Where:

%)q% = R (- sin¢) (cos A)

—2% = R (cos ) (- sinA)

—2%({- = (cos @) (cos A)

%:% = R (- sin) (sin A)

—gl;- = R (cos @) (cos A)

oY .

SR (cos ) (sin )

dZ

30 = R (cos)

Z sin

3R @

Point] Name X km) (o, km)| Y (km) | o, (km) Z (km) | o, (km)
No.
1. | F-1/10 50.2985] .3145| 1732.2770 .3783 56.1178 1 .6138
2. | CP-3/8 |-208.2202| .6734| 1703.0977 .4348 1} - 268.9505| .4390
* * * *

3. | Ansgarius 261.8195| .600 | 1682.7634 .600 | - 350.9761| .600
4. | ACIC 69 769.6745| .8912] 1456.4050 .653741 - 550.7500 | .4109

* assigned based on radius of 1738.11 (km)

Table 4 Selenographic Coordinates of Control Points
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It is important to remember that the above control points are the only control
points available for this block adjustment, consequently any solution is due in
part to this fact.

4.2.3 New Extended Control (NEC)

The points whose coordinates were desired were selected at the time of mea-
surement. The following seven points were selected because 1) they were small
circular features easily identifiable on all measured frames and because of their
distinct location they should be easily located on photographs of the same area
on succeeding Apollo missions, 2) their general location can be identified on
ACIC's Lunar Planning Chart LOC - 3, Lunai' Polar Chart LMP - 3, Lunar Farside
Chart LMP - 2, 3) it was desired to have at least one feature within the bracket
of four reseaus. Diagrams of these points at eight times enlargement from
frame 2780 are found in Figures 11 - 16. Téble 5 shows f:he coordinates'

approximate positions as extracted from the above mentioned charts.

Point © A

No.

11 - 4%4 9323
12 -33.5 96. 2
13 -41,3 97.6
14 -39.7 84.5
15 -50.8 82.0
16 -56.2 90.4
17 ' -36.8 99.1

Table 5 NEC Coordinates
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Figure 11. Approximate Coordinates of NEC No. 15 ¢ =-50%8 )\ =82%
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Figure 12. Approximate Coordinates of NEC No. 13 ¢ =-4133 X\ =97%
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Figure 13. Approximate Coordinates of NEC No. 12 (above) ¢ = -33°5 X =96°2
NEC No. 17 ¢ = -36°8 ) =99%1
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Figure 14. Approximate Coordinates of NEC No. 16 ¢ =-5622 X =9074
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Figure i5. Approximate -Coordinates of NEC No. 14 ¢ =-39%7 X =84%
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Figure 16. Approximate Coordinates of NEC No. 11 ¢ =-4%4 ) = 93°3
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These coordinates were reduced to selenographic coordinates and are shown in

Table 6. The computations included the use of the moon's radius as 1738. 1077 km.,

Point X (km) Y (km) Z (km)
No.
11 - 102.2576 1731.1115 - 133.8459
12 - 159,0325 1441.9059 - 959.8259
13 - 175,1975 1295, 3074 - 1147.6540
14 125, 6745 ' ©. 1332.1426 - 1110.7473
15 150. 3865 1088, 8441 - 1347.4370
16 9.2502 967. 8781 - 1444.8405
17 - 222.6177 1375, 2404 - 1041. 6675

Table 6 NEC Selenographic Coordinates

Based on the accuracy of the ACIC charts a standard deviation of 20 km was

assigned to each of the above NEC points.

4.3 Observations and Reduction of Observations

4.3.1 Observations of Photo Coordinates (AP/C)

It is fortunate that Mr. Lloyd Hera and Mr. Neal O'brien of the Aerial
Engineering Section of the Ohio Department of Highways made available their
department's AP/C (Analytical Plotter/Commercial). The AP/C is a first
order measui‘ing instrument manufactured by OMI (Ottico Meccanica Italiana,
Rome) with a least count of one micfon. In a test for st'abilityiof_ an AP/C by

Toglatti and Solaini a standard deviation of coordinates of * 2 u was obtained
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with calibration plates [34]. The AP/C consists of a stereo comparator built

by the Nistri Company of Italy with an on line computer built by the Bendix
Corporation. In this project the AP/C was used as a comparator with the computer
serving as a digitized readout function. The observations were made in stereo

by increasing numbered pairs of photographs. The AP/C does not have a 'zoom'
lens feature but the scale difference between pairs of photographs is within the

eye accomodation range of 10 - 12% [10]. Table 7 shows the photo frame and

the feature whose coordinates were recorded.

It can be seen from the table on the following page that the number of
measurements/frame is generally decreasing. This is due to two interrelated
causes. As the moon is receding from view fewer features can be discerned
due to scale, resolution and altitude and there are fewer features surrounded by
four visible reseaus.

Each point or feature was measured four times on each frame and each
of the four bracketing reseaus was measured once for a total of 1728 measure-
ments. Four reseaus are required for the reduction process covered in the
next section. Examination of Figures 4 - 9 show that some features that could
be selected for measurement are lost when the surrounding reseaus which are
black are lost in the blackness of space or the blackness near or beyond the
terminator. The use of the fiducials or reseaus for determination of film
shrinkage and lens distortion is a clear cut procedure when the entire diapositive
film format shows contrast of the lighted surface and black fiducials and/or
reseaus. In this project the fiducials are completely unuseable and only certain
patterns of four reseaus are useable.

An interesting and unexpected facet occured during the observations.
Control points 1 - 3, the Lunar Landmark craters were tracked by the Apollo
astronauts while the spacecraft was in a 60 - 80 nautical mile orbit. These are
relatively small features (250 - 1,500 meters [307) and easily discernable at

that altitude; however their locations are not as clear during the time span of the
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TEI photographs when the altitude is increasing from 1145 km to 3500 km. 1In
fact this is approaching the limit of the film resolution and surface detail and
this coupled with the shadows, made placing the measuring mark in some cases
a judgement decision based on the placement in the previous pair of photographs.
Control point number 4, an earth-based control feature is a crater whose appear-
ance is extremely large. The placement of the measuring mark can 'swim'
several microns, (i.e., there was a range of 12 p) inside the crater walls, not
only on each pair of photographs but also on each repeated measurement. On
the other hand, the features selected for extending control are clearly visible
very distinct features approximately the same size as the measuring mark
(20 p) and thus these NEC points were easier to measure. An analysis of the
observation residuals shows that the pointing precision in planimetry for the
control points was 16.53 u compared to 12. 77 u for the selected NEC points.
Admittedly there were fewer measurements on the control points, 38 compared
to 70, but the results are justified when the film is examined.
4. 3.2 Reduction of Observations

The measured coordinates were processed by a modified TRANC 4 program.
The details and a progfam listing are given in Appendix II. The program trans-
forms the coordinates from the comparator system to coordinates in the cali-
brated reseau grid system through an affine transformation. The source for
the calibrated reseau was [24]. The general affine transformation for which

the coefficients are solved for is (see [2]):

Xx = A0+ Alx’' + A2y’

(1)

It

y = BO+Blx'+ B2y’
where:
x’,y’ = photo coordinates
X,y = stereocomparator coordinates

AO, BO = origin shift
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A 1, B1, A2, B2 = coefficients solved for by -

’ S least squares adjustment of
the 4 (x) and 4 (y) comparator
coordinates of the bracketing
reseaus.

These coefficients are then used in solving for the coordinates of the object
point. The four observations on the object are averaged and the coordinates

are solved by a back solution in the transformation as shown in Appendix II.

+ - B2 (y-BO) - By (x - AQ)
A2 + Bl - Al * B2

(2)
Bl (x - AO) - Al (y - BO)
A2 + Bl - Al + B2

y' o=

Each point within a reseau is handled in the same manner and the results are

shown in Plates 1 - 6.

The program computes for each point the unit standard error

5 - J[VV] _ 1/E33+E\,2
© n-u n-u

where: E, aﬁd E, are vectors containing the residuals in x and y. These are
the differences between each (x, y) comparator coordinate from the
general affine transformation (1) prior to adjuétment and the (x, y)
observed comparator coordinate '
n = number of observations (8)
= number of unknowns'(G)
The last column in Plates 1 - 6 show the result of the computation of the standard

error of the mean for x and y computed from

go = V1 VeV VY
Tean n(n-2) N n(n-2)
where: V, = (x-X) and V, = (y-§r
X = x average and y = y average of point observations
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PHOTO COORDINATES COURRECTED FOR LENS ANV FILM DISTURTIUNS (FAITRCHILD MAPPING CAMEKA #0903 )

JOB NUMBER

10

PHOTO COORUINATES CORRECTED FOR LENS AND FILM DISTUKTIUNS

Y (MM)

~7.0753
=T.1087

UNTT STANDARD EHROP (MM)

0.006230-02
Us&12310-02

9.6612
-T.2827
15,4192
22.7033
29,4370
37.79174
3veludu
15.7874
=T.d0n0
-1.2757
L P-TY-1:1
-TexlT0
la.udnud
2V 9602
27.3965
35.5919
ERTRANL
19,38 39:

AFTER AFFINE TRANSFORMATION

STANDAFD LKKRUR UF MEAN OF X AD Y
ON THE ORJECT SPACE POINT (Mv)

V.21 3600=-02
0.151380-02

0.509900-02
0.900000-02
Ve 702102
0.141420-02
0.707T110-u3
Q0.223A10=02
Qe ltl86U=-02
0.254950~-02
e 20009N=-02
U 1T 1820-02
0.125100-01
025450 ~02
0. 20000H=127
0.5813100-02
0.15~110=-02
Ue 790LLTL=02
V. 10514 0-01
0.142030-01

PHOTO PUINT X (MM}
2774, l. L.kt 32
2774, 2¢ _YolThal
2174, 3. 46,5731
2774, 11. 42 ,0e97
2774 12. lo. 6000
2774, 13. YeHY49
2774, la. 17.8742

L 27T4e __ 15e_ . 1.260n
2714, l6. F PSR
2174, 17. 11l .vobd
27117, l. 43,8590
2717, 2. 32,6454
crrt. 3. *l.v0l)

2111, 1l. 37.54k0
27177, 12. 132807
27117, 13. 07O
27177. 14. le o538«
27117, 15. G.u67
2111, la. =3.5707

2T AT. . 3.9302

Plate 1:

PHOTO PUINT X (MM)
2780 l. 33457617
___ 2780, 2. 24.33%1
2780. 1. 33.40483
2760. 12. 10.9356
2180. 13, 4.1758
2780. la. 11.47106
278Q. 15. 2.10674
__2T6d. 6. __ =5.5054
2785, l. I3 avuay
2T8%9. 2. 22,6204
2705, 1. 21wl
27565, 12. 5528
2785, 13, Je500
2185, 16, T.0382
2705 1%. “l o271
2785, l6. =+ 395

Plate 2 :

0.25000D-02"
Nt #nTO=07
Oel22k50=92
0.2924200-07
0e2204n0=0)2
IS PERNTRELIH
Veb%2223-33
0,204 00-u2
N.2170.00)=0)2
0.151249=-02
0.41330-97
Qe2bLrel =02

Jalidnni=-u2
0.£92¢23=-032
Qa2 3ind=02
0Y25%100 0
Vebed =03

0.254350-92

Results of TRANC 4 for Photo Frames 2774 and 2777

JCB NUMBER

10

(FAIKCHILD MAPPING CAMERA #0003 )

UNIT STANOARD ERRUR (MM)

STANUARD ERRBOR (OF

AN OF X AND Y

Y (MM) AFTER AFFINE TKANSFORMATION ON THE UBJECY SPACE PUINT (M4)
-7.1657 0.100000=02 0.140680-02
=T.2504 0.412310-02 0.217479-02
-7.3966 0.452770-02 0.177260=02
12.6739 0.60826U=-02 0.1070%0)=02
19,5253 0.583100-02 0.151280-02
25.6752 0.22361D-02 .221270-02
33,6659 044940 706-02 0.152751-02
_ 319283 0.3055%40-02 _ 0.327559=-02
~5.9243 0U.707110-03 N.1276¢70=)2
=T.090 Ue 30 50 0=)2 Dozt le 1192
-7.2005 0.66708D=02 0.17726D=-02
11.4239 0.1185130=-01 Va1l seb-02
17.05%%8 0e128300-u1 0,16 1300-02
23031999 0.s9%6s0-02 0.221279-92
31.09043 0. 30h540=02 0.1572759=17
25,5551 0. 13583p-01 0.32755%)=02

Results of TRANC 4 for Photo Frames 2780 and 2785
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JGB NUMBER 10

PHUTO COORDINATES CCRKECTED FOR LENS AND FILM DISTORTINNS (FATRCHILD MAPPING CAMLKA #9003 )

PHOTQ ~ PUINT X (MM)
2790, 1. 29.8579
2790, 4, 21.68%%
27130, 11. 23,8511
2790, 12. 2.1518
2790, 13, -2.80356
27140, lae 3.287H
2190, 15. -.2159
2790, 17.  -2.014D
2755, i. 24.1349
2745, 4. 224600
2795, 11. 13,3652
2795, 12. =-2.93u0
2748, 13. “~-HeWb ]
2195, 14 =0.8117
2795. " 15. -7.7153
2755. 17. -3.9562

Plate 3:

PHUTY COURDINATES CORRECTED FUR LENS AND FILM DISTORTIONS (FAIRCHILG MAPPING CAMERA #7037)

UNIT STANDARD ERROR (MM}
AFTER AFFINE TRANSFURMATIUN

Y (MM)

-21.4213
AL1633

-21.7848
44,2797
1.3773
VY19
13.1¢15
=3.9572

C.300000~02

0.316230=02

" 0.28284D-02
0.352550-02
0.153110-0?
UeT2001D-U2
0.412310-02
0.447210-02

Qe217470-02
Vel70170-02

STANDAR? EKROR F MEAN OF X AND Y
UN THE UHJECT SPACE PUINT

(MM)

0.143510-07
0.1395940-22
0e200120=92
0.17074)=-02
0.14058D=32
0.192110-02

<Z1.9143
€007
=22304%
~5.62006
=U.5906
62532
10.7040
-5.6048

0.1%5030-01
0.1H0210D-01
V16 To5D-01
0.634£606=02
O lonuu=-01
0,291550=-02

0. 2174 79-02
01701 70-22
Dalaseln=92
O.l3 i0=92
De20612D=02
Us17u789-02

0.604150-02
0.777420-02

JCB NUMBFR 10

0.14G030=-02"

0.173110-02

Results of TRANC 4 for Photo Frames 2790 and 2795

2809,

PHOTOD
2800,

2400,
2200,
2800,
2800,
2¢00.

26U0.
2800
2830.
2805,
2805,
2805,
2805,
28u5.
2605,
2805 .
2605,

2805,

2805,
2805.

2300, .

UNIT STANDARD ERROR (MM}
AFTER AFFINE TRANSFORMATION

POINT X (MM} Y (MM)

le 19 .9609 =23.4031
e 2e__ 9.9583__ =23.T0%4
3. 16.7280 ~-11.8095%
b 18.620% 3.6844
1l. 1443342 -23.7790
12, =5.0431 -8.2753
13, -9.3058 =-3.1649

4. ____=3.7510 l1.a165
15. =1Je.l430 T.olns
16. =12.T7402 0345
17. -3.7123 =7.942R
l. 1634861 2407487
2. Talbn =29 004

e 3e . _13.0B53  ~13.7183 —
4. 15.7419 1. 1048
1l. 11.3el2 =-25.1182
12. =7.9960 -1U. 3962
13. =-11.10143 -5 dal
lv. =5 43040 ~1.098%
_____ 15. _ =11.71%9 C4.907% .
16, 170254 3.9n72
17. =19.571n =10.01834
Plate 4 :

04hQIBVD=02

0.35075C-02
0+63266D=02

0.147200~02
0425%130=02

STANDARD EKRUR OF MEAN OF X AND Y
ON THE OBJECT SPACE PIINT (M)

0.28244D-02
0414142D=-02
0.430120-02
0.43012D-02
0.514780-02
0.360560-02

T0.418GAD=D2

Uel54T80-02
0e3TH3205=-02
0.25.,179-02
0.211640=-02

0e41231D-02
0.156110-02
0.291550-02
015942001
O.72111b-02
0.561770-02
Je35:550-92
0.75104D=02
«223510=02
Velesnliz=ol
0.704370-13

021797a0-02

0.100000=-92
Jel151340=-02
0.2460%7=-02
[ T PAVINE Y -4
Ue2%4130-02
Debliunl=02

0.1547E0-07
Vedlissgi=i)2
De?2%6iT0=02
D.211640-22
Oel70L761N=02
0, 130000=)2

0.790%70=-02
Ve2ohe20-01
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Oalblsitn=-y2
0.234010=-02

Results of TRANC 4 for Photo Frames 2800 and 2805



PHOTO COURDINATES CORRECTED FOR LENS AND FILM DISTURTIONS

PHOTG  POINT X (MM) Y (MM) AFTER AFFINE TRANSFORMATION UN THE DAJECT SPACE PUINT (M)
2810. 1. 13,7244 25,0866 0a66TOHD=02 Veletb9D=92
____2810, . G.2680 =25,5883 0,612310-02 . 0,12583D-02
2810. 0,450 =la.on63 0.158110-u2 0.363720-02
2810. 4, 12.4905 -0.3318 0.25495n=02 Valietsi=32
2810, 1. Be3751  =25.5661 0.632460~02 0.299500-02
2810. 13. -13.2865 ~7.1749 0.467210=02 0.120760-02
2810, la. ~3,2780 -2.9325 Qee&1210=-02 D1245K D=2
2810, 15._ ~13.9368 __ 2umun2 e _Uslbylln-o? 0.15039u-02
2810, 160 =13,9392 15172 0.500000-0¢ 0. 113650<02
2815, le lJd.7052 95228 Qe dhiH50~02 QD.l486t0)=02
2815, 2. 1.7242 =-25,9928 0. 7T90570h=02 Uell2bh2)~1)2
2815, 3. 7.7178  =15.5072  _ 0.7619%0=02 ) 0.3563720-02
2815. 4 Y9134 -1.3039 Qe 426000=-02 V2350 20=02
2815, 1le 20987 =20.9421 V. 254980-02 0. 1RH9TD=0)
2518, 13. “la.ianl -3.3003 7 UuoTellln-p2 T T T T T 1 zatu-02 T
2815. 14. =10.11¢e2 -4.33%5 0491924002 0.125~13-02
2R1SN, 15 =1%9.+091 eV Ua Jdunbh=-u2 Velsudv)-u2
2815, 16. =-29.1Plo Dot 450 Delalbrii=gl Qellsesn=ue
Plate 5: Results of TRANC 4 for Photo Frames 2810 and 2815
JCB NUMBER 10
PHOTO CUOKDINATES CORRECTED FOR LENS AND FILM DISTURTIUNS (FAIRCHILD MAPPING CAMERA 4003 )
UNIT STANDARD FxRDR (M¥) STANUARD ERRQOK GF MEAN 0OOF X AND Y
PHOTO POINT X (MM) Y (MM) AFTER A+FFING THANSFURMATION UN THiE UBJECT SPACE POINT (vM)
2820. 1. 341216  =2641331 0.223010-02 V.279950=03
2820. 2. =0.THHU | =260.5214 o 0.IuTllu-03 0.4T04T)= )2
2820. 3. 5.0697 =16.5938 . 280750-02 0.3172193-32
2820. LIS T.4006 ~-3.33%2 0. 400000-02 Veiblinn=92
2820. 1. 3.06431  =26.5170 0.223610-02 Dl siaTeid=n2
282U, 13. =-16.5204 =9.555% Q.15H10=02 Ga1u7G60=-)2
2820. 1. =11.9538 -5.7106 0.291550=-02 0.1620mD=92
2820, 15.  =16.9:81  =0.2¢15 . 0.28234D=02 R 73 § BP % L BT R
2688, l. Bl lth —{baud2n Qe s TIrD=0)2 DeylrcLu=-ul
2825, 2. -2.9410 =26.982% 0.451470=02 0.267.41=02
2R25., 3. 2.001% -1 7,472 Ve J000UN=D? Vel tsl-32
2825, “e Se.ll06 ~4,0U0l% V. 000U0-02 Dalbl 2=
28ch, 11. Delucl ~lbeIde Vedl4l6D-02 VelBaTzd=)2
2825, 130 ~lda16e7 | =10.7403 0. 13£010-01 0.107060=92 _
2825. 16, -13.5%0) =1.05%1% Qe Tt9dH0D=-02 Daitt6, )= 3¢
2825. 15. ~-18.4235 ~leThal QeHETHHL=02 Oellut7=132
Plate 6: Results of TRANC 4 for Photo Frames 2820 and 2825

JOB NUMBER

10

(FATRCHILD MAPPING CAMFRA 4003 )

UNIT STANUARD ERRUR (MM)

STANDARD EKKUR UF

MEAN OF X AMD Y
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The program also computes the distortion parameters in a separate
subroutine. . The radial distortion ( Ar) and the tangential distortion ( At)
are represented by the basic distortion equations [2] [5] [21]. Radial dis-
tortion is represented by an odd power polynomial in terms of r, the radial

distance from the principal point [21] [28].
Ar = KLI‘S + Kp r + Kar

where the K terms are extracted from the calibration report (28]

K, = - 0.13361854 x 10 =
Ko = 0.52261757 x 10 °
Ko = - 0.50728336 x 10 '°
The x and y components of r are:
A
AXr ::—r_r(xl):(Kl r2 +K31‘4 +K3r6) (X,)

Il
H

A
Ay, 'r"I:(Y') (Ky ¥ +Ka " + Ks 1°) (y"

where x’ y’ are the measured coordinates [21] [28]. For these measurements
the radial distortion ranged from .8 4 to 44.4 M and averaged 15.48 4. This
is within the 50 # distortion range established by Table 1. The radial distortion
is positive outward as shown on the radial distortion curve in the calibration
report { 28] and the correction was applied with opposite sign.

The tangential distortion is represented by an even powered polynomial

"thin prism'' model as developed in [5] [21][28].
At = J, r° + Jp 1t
where the J terms are extracted from the calibration report [28].

J, = - 0.54958195 x 10 °

Jo = - 0.46089420 x 10 ‘°
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The x and y components are

I
i

- r® +Jart) sin@o

BDx
Ayt

- At singo

il
1l

- At cos®o (J; r? - J2r4) COS P ¢

where

©o = 2.9459070 rad, the angle of maximum tangential distortion [28].

The corrected image coordinates are then represented [21] [28].

(1+K,r° +Kar® +Ker')x' - (J, r° + Jar?) sin@o

X

(1+K, r® + K;ar4 + Kars) y' + (JlrQ + J2r4)cos<p°

I

y

The coordinates provided are used in the FORTBLOCK adjustment.
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4.4 Block Adjustment Program

The FORTBLOCK block adjustment triangulation program performs a
simultaneous least squares adjustment on the estimated parameters (i.e.,
elements of exterior orientation and survey coordinates) based on the obser-
vations of photo coordinates, interior orientation elements and the collinearity
condition. A complete description of the theory is found in [5] [21] [33].
The program provides adjusted values of the parameters, standard deviations,
residuals, correlation coefficients and variance - covariance matrices. It
was designed for use in conventional earth-based strip and block aerotriangu-
lation problems where the control is distributed along strips and around the
perimeter of the block, however, the program was modified for this proj’ect.
The strip and block in this case is a sequence of 100 % overlapping photo-
graphs of the same area receding from view with a very small horizontal base.

The collinearity condition states that a point in the object space, the
nodal point in the camera lens and the imaged point all lie on a straight line.

This is represented by the following equations:

2

X - Xo —

|

o
Ll>!>
<N

Y -Yo = ¢x

where x and y are the photo coordinates corrected for distortion; xo and yo are
the translaticn to the principal point; c is the focal length; AX;, AYr, AZ; are
the survey or selenographic coordinates in the right hand cartesian coordinate
system rotated to the photo system [2] [21].
4.4.1 Input to FORTBLOCK

The FORTBLOCK program requires the following input: a) observed photo
coordinates, b) calibrated focal length, c) estimated values of the selenographic

coordinates for each control and NEC parameter, d) estimated values of the
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elements of exterior orientation parameters, e) weights for the photo obser-
vations and estimated parameters.

The source for the photo coordinates was described in Section 4.3.2. The
calibrated focal length was extracted from [28]. The source of the control
and NEC points was covered in Section4.2. 2.

The six elements of exterior orientation are Xo, Yo, Zo, %, ©, .
These provide the location and attitude of the camera and in this case the space-
craft when each picture was taken. The positional elements can be estimated
by using the latitude, longitude and geocentric radius listed in Table 2.
The rotational elements which are used in rotational matrices can be described
as those angles necessary to rotate the selenographic axes into alignment with
the photograph axes so that vectors in the object space will correspond to
those in the image space. Figures 17 - 19 shqw the descriptive geometry used in

estimating these angles.

p Y Z x
. z
P y
‘ / v
t
Y, / d
Q . @ / /

i 90 - « //

| /7

i . / 90 - o

: X — X

Xo (right hand rotation in a right handed
coordinate system)
Figure 17a. Plan View Of Figure 17b. Perspective View Of
1 YO

o = tan - Primary Rotation

'3 Vel
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The first rotation or primary rotation is a negative wabout the X axis which
aligns Z into the camera y z plane. This rotation is by an amount TI/2 plus

an additional amount equal to the latitude of the camera @,

P y
camera coordinate
system

90 - o

selenographic coordinate
system

Y

(right hand rotation in a right
handed coordinate system)

Figure 18. Secondary Rotation

The secondary rotation is a negative ¢ rotation of 90°- o about the once rotated
Y axis in order to align the Z axis with the z camera axis; This is shown in

Figure 18.°



p y
X camera coordinate
- 7 system
X

selenographic coordinate
svstem

Y

(right hand rotation in a right
handed coordinate system)

Figure 19. Tertiary Rotation

The tertiary and final rotation is a negative X rotation about the twice rotated
Z axis by an amount 90 - ¥ as shown in Figure 19.

In summary, Table 8 shows all the estimated values of the exterior
orientation used in the adjustment. The last required input, the weight which
are the constraints are computed separately for observations and parameters.,

The weights are derived from the inverse of the standard deviation squared.
The standard deviations (0) are extracted from external sources or estimated [35 .
In all cases the a-priori value of the variance of unit weight is assumed to be

unity. The standard deviation for all photo observations was 10 y consequently,



Frame

No. Xo (km) Yo (km) Zo (km) A (rad) © (rad) w (rad)
2774 - 804.74 2846.42 - 1831.25 - 1.020 - .276 - 2.125
2777 - 749.04 2944.97 - 1865.04 - 1.020 - .249 -2.121
2780 - 693.07 3043.49 - 1897.85 -1.024 - .244 - 2,117
2785 |- - 648.68 3619.24 - 2193.62 -1.033 - 177 - 2.109
2790 - 585.46 3725.97 - 2227.87 - 1.037 - .156 -2.104
2795 - 457.95 3935.33 - 2295.69 - 1.046 -.116 - 2.096
2800 - 329.92 4140.76 - 2360.69 - 1.054 - .080 - 2.088
2805 ~ 266.48 4242.10 - 2392.10 - 1.058 - .063 - 2.083
2810 - 137.46 4441. 84 -~ 2454.20 - 1.066 -.031 - 2.075
2815 - 8.99 4651. 33 - 2489.,84 - 1.079 - .002 - 2.062
2820 119.82 4831.23 - 2572.83 - 1.082 - .025 - 2.060
2825 184.22 4926.63 - 7601.51 - 1.085 - .037 -~ 2.056

Table 8 Estimates of Six Elements of Exterior Orientation




the corresponding weight was:

L 1 -10,000

W =02 = 010 mm)®

The standard deviations for the control points came from Table 4. The
standard deviation for the NEC points was assigned 20 km and was based on

the ACIC charts used in estimating the longitude and latitude. No constraints
were placed on the estimated elements of exterior orientation. The symplifying
assumption is made that no correlation exists internally between control points,
exposure stations and photo coordinates.

4.4.2 Results of FORTBLOCK

The FORTBLOCK adjustment program iterates internally three times
and this is considered sufficient for most cases (i.e., normal earth-based
aerial photography). There are a number of guidelines available on the number
of iterations required [21]. "The number of iterations required will depend
on how well the initial approximations are selected, the geometric strength of
the triangulation, and the total number of parameters in the problem" [2].

Due to the unusual conditions of the receding photography the six and twelve
photo block adjustments were iterated three times and then also for an addi-
tional three times. Six iterations were considered sufficient since only small
differences were detected between the standard deviations of the control and
NEC points on the third and sixth iterations (Tables 9 - 12).

To save space only one set of the FORTBLOCK output, the 12 photo block
with six iterations, is shown inPlates 7 - 23. This adjustment with 12 photos
provided the greatest number of observations, the greatest number of degrees
of freedom and the lowest standard deviation for the adjusted NEC points, con-
sequently, this solution was selected as the most favorable.

The succeeding tables (Tables 9 - 12) present a summary of the output for

the NEC points. I should be noted that the column headed 'Residuals' are not
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APULLU 15 MISSIUN
e JOB NUMBER 1
DATE 20 APR. 1972
TIME 21:29:17.3
NUMBER OF PHUOTOS = 12
DEGFLES OF FREEDOM = 144
UNIT STARKUDAKD ERROR = 0.1%¢560D+01

Plate 7: FORTBLOCK Output Listing for 12 Photo Block Solution; Title Page



RESUL

s
EXTERIUR URIENTATION

Plate 8 :

PHOTO NO. 2774 KD (METERS) YU (METERS} 20 (METERS) KAPPA (RAD.) PHI (RAD.} OMEGA (RAD.)
~787125.75% 2852024.756  ~1839626.555  =0.8549090¢00  =0.7507710-01  -0.20795610+01
ST0.ERROA 0.5171004 0.55570404 0.4134D404 0.12270-02 0.2661D~02 0.27370-92
T RESTOUALS | =0.1761L¢05  ~0.56C50+06 0.81270+04 ~0.16510400 20.20090+00 Z0.25399-01 __
WEIGHTS 0.U0V00UVLY 0.U00V0VVYY 0.0000V0V00 0.000000000 0.000000000 0.009020900
T o B ~V“Ail‘l‘ANCE/CO‘V‘A«N-l—;NCE MATRI X T T T T T
0.267360008  0.998070+07  =-0.519170+07  =0.172740+01  0.131850+02  0.89408D+00
0.95¢07D+3T  U.308510¢H8  0.891590+07  0.497920600  0.66890D+0l 0.134840+02
T T T T T L0511 T0e37 04891890007 GL.170870+08 0.230350401  <0.30911D¢01  O.e26690%0%
«0.17270b¢01 0.457920+00 0.23035De01 0.1500630-05 ~0.3676410-06 0.464600-06
0.131850002  0.668900¢01  =0.309110¢01  =0.36741D~06  0.708250-05  0.721920-06
T T 04494080000 04134940602 0.R26600401 0. 440k UN=06  0.721920%06 0. Tau3op=ns T 7T
PHOTO NO. 2777 XU (METERS) YO (METERS) 10 (METERS) KAPPA (RAD.) PHI (KAD.) OMEGA (RAD.)
-732147,253 2952060.096  =1873651.717  ~0.A524780600  =0.6743570-01  =0.2107992+01
TTsto.ERROR 0.5527D004  0.57470404 0.4359D+ 04 0.11999-02 0.27260-02 0.271790-22°
 RESTUUALS -0.14870¢05 ~0. 76700406 0.85520004 ~0.16730+00 ~0.15160¢00 -0.13013-01
WEIGHTS 0. U00I0000 0.0U00000030 0.000000090 0.0000000J0 0.000000030 0.0000)0000
e . D O e . e
VARIANCE/CCVARIANCE MATHIX -
04305390008  0.113800+08  -0.506720+07  =0.157820+0%  0.145820002  0.132710+01
T T 0.113800008 0330300408 0.107ALDS0R  0.543180%00  0.704240%01  0.162230+02
~0.508720407  0.107810¢08  0.19004L+08  0.22606D+01  =0.286760401  0,92435D+01 -
-0.18TH20001  0.543180000  0.226U060001  0.163770=05  =0.320080-06  0.475020-06
T 0.145820002 0.704260401  -0.286760+01 .320090-06  U.743190-05 0.717360=06
0.132710001  0.142230402  0.924350001  0.475020-06  0.899360-06  0.772230-0%

FORTBLOCK Output Listing for 12 Photo Block:

Results of Exterior Orientation for Photos 2774 and 2777



PHUTO NUle 2780 XU (MUTERS) YU (MLTEKS) IU (METERS) KAPPA (RAD.) PHI (RAD.) . OMEGA (RAD.)
-666343.150 3059186.165 ~19066%7.6R6 ~0.4510000+00 To.55006e0-01  <0.2115860e0t
$TD.LRRUR 0.52610¢06 0.59730+04 0046680404 0.116830-02 0.29730-02 0.28430-92
RESIDUALS ~0.26730+05 -0.1570D+05 0.8698D+04 -0.17300+00 ~0.16900490 -0.11570-02
T uelonts V.000UUUV0a | 0.00uU000000  0.000000000 0.000000000 ~_ 0.000000000 . 0.000000000
VARIANCE/CUVARLANCE MATRIX
- 5.391990005  0.137730+08 S0.540450s07  <h.13196De01  0.18210Ds0z  0.17730
0.137730%08  0.356720%08  0.131250+08  0.620080+00  0.780650+01  0.151670+02
~0.549450407  0.131250%08  0.217860+08  0.22600D+01  -0,28989D+01 0.105580402
T T T 01316000l 04620090000 0.22€000¢01 0.140030-05 T =0.220420-06 | 0.517910=06
0.18210D¢02  0.780650401  =0,20989D0+01  =0.220620-U6  0.88367D~05  0.105720-05
0.177300+01 0.151670¢02  0.105580+02  0.517910-06  0.105720-05  0.833390-05 -
PHUTU NU4 2785 XU (METERS) YO (METERS) 14 (METERS) KAPPA (RAD.) PRI (RAD.) OMEGA (RAD.D
86071050 32222344496  =1965292.891  -0.8484350+00  =0.380666D-01  =-0.2132030+01
STD.EHROK 0.72360t06 0.63220+04 0.51160¢00 0.11400-02 0.32020-02 0.29210-02
“TRESIDUALS | =0.86010+05 0.39700+06 Z0.22830%06 20.1846D+00 S0.13500 %00 0.23030-01
WETGHTS 0.0000UU00Y 0.000000000 0.000009000 0.000000000 0.000000000  0.000070000 -
e s/ VARIANCE/COVARIANCE MATRIX
0.523600408  0.179760008 =0.43754D+07 =0.82263D+00  0.228730¢02  0.316010+01
0.17976D608  0.399700¢08  0.171230+08  0.69897D¢00  0.899620+01 0.165060402
T T T8 aT540%0T | 0.17123D908  0.261780+08 . 0.21404D401  =0.21645D0401 0.124700+02
~0.A22430+00 0.698970+00 0.214040¢01  0.12990D=05  =0.40634U-07 0e528260-06
00228730402  0.899620401 . -0.216450¢01  ~=0.40634D-07  0.10251D=06  0.156450-05
T T T 04316010001 u.166CaDe02  0.124900402 | 0.528260-06  0.156650-05  0.856700-05 - T

Plate 9:

FORTBLOCK Output Listing for 12 Photo Block;

Results of Exterior Orientation for Photos 2780 and 2785



PHOTO NO. 2790 XU (METERS) YO (METERS) 20 (METERS) KAPPA (RAU.) PHI (RAD.) ONEGA (RAD.)
~671434.720 3382315.806  ~2014462.206  <0.8463290¢00  -0.166346D400  ~0.2012610+01
TTUSTOLLRROR 0.71150%04 0.69780+04 0.56100+04 0.11750~02 0.2840p-02 o.31100-02 =
RESIDUALS ~0.11400+06 0.34370+06 -0.2135D+06 ~0.19070¢00 0.10350-01 -0.91390-91
WEIGHTS 0.000000000 0.000000000 0.000000000 0.000000000 0.000000000 0.001000000
VARIANCE/CUVARIANCE MATRIX
0.506190¢08 0.256120+08 0.402290¢07 =0e33%630401 0.202990+02 0.70941D¢01

" 0.258120008

0.496910008  0.239700+08  ~0.457180400  0.116920402

T0.196660402

8.402250007  0.239700¢08  0.314750+08  0.21364N0¢31 04195010401  0.156050602
~0.235490401 =0.457180900  0.21344D%0i i38030=05 -0.95997N~06  U.644850-06
o T T siz0z9ene02 00116920402 | 0.195010001 " Z0.953975-06 01840 710508 0.324450-05
0.7084100ul  0.196660¢02  0.154050+402  0.446850-06  0.328450-05  0.967120-05

PHUTU NU, 2795 X0 (METERS) YO {(MLTERS) 10 (METERS) KAPPA (RAD.) PHI (KAD.) OMEGA (RAD,)
T T T T a4t 3545468.435  C2060708.015  =0.84404e5100 -0.1682580+100  =0.2024000+01
STD.ERAOR 0.83610404 0.73680D¢04 0.6341D¢04 0.11560~02 0.32110-92 0.32670-02
RESILUALS =0.8+0840¢05 0.3899D+06 -0.,23500+06 -0.20200¢00 0.52260-01 ~0.72000~01
TTweroHts T 0.000000000  0.000000000 0.000000000 0. 000000000 0. 000000000 0.000000000
VARTANCE/COVARIANCE MATRIX
T T T 006950uns08  0.310810%08  0.700370607  <0.348530001 0.265910v03 0.868670+01
0.310810e908 0.542350¢08 0.30A440¢+08 ~0.51899D+00 0.12921D¢02 0.218350¢02
0.706370407  0.708440406  0.402090%08  0.194810s01  0.300880001  0.149760+02
T0.344530001 0518790790 0.194810+01 0.133110-05  =0.964430-06 0.414920-06
0.265910+02 0.129270%02 0.300850¢01  =0.964430-06 0.10314D-04 0.355540-0% o
0.18H70LD+02 0.41692D~96 0.365540=-05 0.106760-06

V.A086T70001

Plate 10 :

V.2183504002

FORTBLOCK Output Listing for 12 Photo Block;

Results of Exterior Orientation for Photos 2790 and 2795



TPHUTO NO. 2830~ XO (NETFRS) YO (MECTERS) 0 (METERS) KAPPA (RAD.} PHI (RAD.) - UMEGA (RAD.)
-26900R.187 3658683,213  -2112284.4680  =0,839604D+00  -0.1703050¢00  =0.2022410+01
$TD.ERHOR 04953530006 0.72180+06 0.67950404 0.11290-02 0.34350-02 0.32040-02
RESILUALS “0.63510605  0.4421D+06 ~0.24840+06 =0.21440+00 0.90310-01" -0.6%590=-01
WEIGHTS 0.000000000 0.0U0000000 0.0000000UY 0.0000V00VY 0.000V00000 0. 000000000
T T VARIANCEZCOVARIANCE MATRIX -
0.908790+06  U.317600¢08  0.B1239D¢07  =~0.440100401  0,325530402  0.854190+01
0.31760000H 0.5210604+94 0.32R01N+VA «0,111260D¢01 U.120020¢02 U, 20169002
i T 0.012390007 'o—.'z—z—e‘aiifo—éé 0.460390¢08  0.144150¢01 0.308590+01 0.201090e02
“0.4401UN0U1 04111260001  UelanlsCrul 2.127420-05 =-0.127470-05  0.189360-06
0.325530002 0.120020+02 0.308590¢01  =0.12747D=05  0.11807D=06 0.326197-05
o 0930190001 0.207690002  0.20109D+02  0.18936D-06  0.326190-05 0.10264D~06
PHOTO NO. 2805 XU (METERS) YO (METERS) 20 (METERS) KAPPA (RAD.)  PHI (KAD.) OMEGA (RAD.)
~163282.39¢ 3856287.230  -2160023.236  =0.83607i0+00  =0.1663110¢00  =0.2013260+01
TTSTD.ERROR  0.11130+05 0.74760406 0.75000+0% U.1138D-02 0.37950-02 0.32990-02
RESIDUALS ~0.10320¢u8 0. 38 THD+ UG -0.23210406 -0.22190400 0.10330+00 . -0.69740-01
WEIGHTS 0009400000 0.000000000 0.000000000, 0.000000000 0.000000000 6.002030000
VARTANCE/CUVARIANCE MATRIX -
" 0.123790¢09 0.36144D408 0.13299D¢0K  =0.54928Deul 0.420660+02 0.102210002
T T T g 3s1440008 0.558H0108  0.39365D+08  -0.154870¢01  0.126290+02  0.221690%02
T T T 041329900408 0.393650408  0.56255De08  0.910130400  0.46834D+01 | 0.232730+02
~0.549280001  -0.154870+0L 0.910130¢00  0.129580-05  =~0.15712D-05  0.293660-09 . )
0.4206460¢02  0.126290¢02  0.46834D+01  =0.157T120-05  0.14405D-0¢  0.360430-05
T 0.221670007 | 0.2327300u2 T 0.29u0LD-UY . 36U%30-05 0.108530-06

0.10221n002

Plate 11 :

FORTBLOCK Output Listing for 12 Photo Block;

Results of Exterior Orientation for Photos 2800 and 2805
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PHUTO NO. 2810  XO (METEHS) KAPPA (RAD.) PHI (RAD.) OMEGA (RADG)
~SdisH.Te3 4U03245.096  =-2207544.530  =0.849121D¢00  -0.163441De00  =0.201720D+01
STO.ERAUR U.1300D+05 0.7758D004 0.84220406 0.11440-02 0.4221D-02 0.34450-02
RESIDUALS ~0.7867000% 0.43R0006 -0.2467D%06 -0.21690+00 0.13240¢00 -0.57200-01
TTuerentsT T g.ovvououous T 0.000000000 1 0.000000000  0.000000000  0.0000000006 0.000000000

0.3R2090+08

0.182930+u8

0.547310¢02

0.11327D¢32

PHUTO NO. ihi;

To.1e9110009

YO (METERS)

10 (METERS)

VARTANCE/COVARTANCE MATRIX

0.38209D+06
0.601870¢08

0.477000+08

<0.63393e0l  -0.170200001  0.539¢30+00

0.124780402

0.240430402

0.182920+08

0.547310402

0.124780402

0.607090+01

<0.5633930+01
0.477000408  =0.170200401
0.70932D408  0.535630+00
0.120770-05

0.60709D0+01 ~0.177070=-05

0.276470¢02

~0.807150-07

=0,17707N-0%

0.17818D-04

0.374930-05

Tuar13270002
0.2436430402

0.276470402

SROTLS0=0T

0.374930~-0%

0.118670-04

X0 (METERS) YU (METERS)

T10 (METERS

T kavea

PHI (RAD.)  OMZGA (RAD.Y
34791.597 ©155945.560 ~2248419,551 =0.8448770D¢00 =0.15910460000 =0.201A437D¢01
STULERNOR GeladoDes U 719700¢04 0.9206D+ 04 0.115%0~-02 Q0.46010=02 0.35230-02
TTREsIDUALS T -0.43740005 0.49540406 20.2414D%06 —0.23410+00 0.15710+90 ~0.4563u-01
MEIGHTS 0.UJ9000000 0.J0U00CU00OY 0.000000000 0. 390000000 0.000000000 0.093530000
Tt T T T T T T UARTARCEZCUVARIANCE MATRIX
0.220800%09  V.3VBYSDIOB  0.265620408  -0.737280401  0.682250402  0.131020402
0.398950¢0R  0.63522De08  0.547700908  -0.20206D+01 012213002  0.252200492
T T G 2esaanean  0.547700508 0.047130008  <0.138230s00 08321105017 TU.3t1se0e02 T T T
~0.737280601  ~0.202000+01  =0.138230400  0.133410-05 =0.200570-05  =0.263330-06 -
0.682250¢02  0.122130402  0.832110¢01  =0.200570-05  0.21168D-04  0.40844D-05 -
0.1310c0002 0.252200002 04311560002 <0.263330-06  0.408440-05 0.124110-04

Plate 12:

FORTBLOCK Output Listing for 12 Photo Block;

Results of Exterior Orientation for Photos 2810 and 2815
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T PNOTO NU. 2620 XO (MFTCRS) YU (METERS) 10 (METERSI  KAPPA (KADL) PHI (RAD.) | OMEGA (RAD.D
138215442 £300913.091  =2292476.487  =0.8372350¢00  =0.154911D+00  -0.2016522¢31
$TOLERRUR 0.17570+05 0.91190¢04 0.11140+05 0.11710=02 0.52190~02 0.40610-02
RESIDUALS ~3.1340€+05 0.5300¢06 -0.2804D+06 -0.2448D400 0.12990¢00 ~0.43490-01
WEIGHTS 0. 00000U0VY 0.000000000 0.000000000 0.000000000 0.000000000 0.005000000
VARTANCE/CUVARIANCE MATRIX
0.10953D009  0.53920D606  U.56062UeU8  =0.833220¢01  0.915290¢02  0.22184D¢02 A
.539260¢08  U.831570¢08 GoeTTenoves TTool36Taioeol T Tuliseaspe0z | o.339s9De02
R LU ) V.8lle9p 08 041241504009 ~0.13464D+01 0.16776D+02 0.44015D402 -
~0.831220001  =0.26181D¢01 =0.13464D+01  0.13714D-05  =0.219760=05  -0.60%42D-04
0.915290002  0.156960002 | 0.167760002  <0.21974D-05  0.272360-04 _ O.6s3a00=05
Ve 221R41002 Ve 33059D+ 02 UL 440150402 =Q.0U5620D=06 0.650000-05 Oolﬁﬁﬂ”p'oﬁ

2825

XU t(MLTEKS)

PHOTO NO.

287506.814

YO (METERS} U {METERS ) . KAPPA (HAD,.) PHI (RADL)

T eias070.208 =2332275.509 -0.8406030500  -0.1440820000

NMEGA (RAD.)

<0.2016920001
STD.ERROA 0.2024D405 0.93310¢04 0.12230+05 0.11930-02 0.5770n-02 0.41690-02
RESIDUALS ~0.3329C 005 0.4806006 ~0.26920006 ~0.24440+00 0.10T1V+00 -0.39180-01
TTwEtenTs T 04009000000 0.0G0000000 0. 000000000 0.000000000 0-000000090  0.000000900 -
VARTANCE/COVARIANCE MATRIX
T T T T 01409 750+09  0.523460¢08  0.826320008  ~0.977040¢01 0-116650+03 0.275200%02
0.523460008  9.871990000  £.221163:0% ¢ =P.21466D+01  0.142960¢02 04354830402
) 0.4256320%08 0.921180+08 0.1469460¢09  ~0.29035N+01  0.236160D%02 0.497650402
T T T 0,97 T040401  =0,314680401  =0.200350001 0.1%2320-0% T T0.250990-05  -0.968040-06 -
o 0.116050003  0.162060902  0.23618D602  =0.25099D=05  0.332950-06  0.TB004N=05
V.275200002 0.780040-05 0.173830-06 . -

0.3564890¢02

0.497650402

~0.968040-06

Plate 13: FORTBLOCK Output Listing for 12 Photo Block;

Results of Exterior Orientation for Photos 2820 and 2825
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RESULTS

PHOTO COORDINATES

- (ALL_WEIGHTS. TAXEN AS._10000.0} ..

PHITU NU. POINT NO. X (MM) Y (MM) VX (MM} VY (MM)
— 2174 1. 48463 . =7.075__ =0.10250=01 __=0.4083D-02 ___
27714 2 36,754 ~T.109 Ve v%270-02 -0.17760-012
2774 3 46,573 9.661 0.12530-~01 0.31720-01
s 24 Q) 42070 =T.283__ =0,11770-01__ ~0.16830-02 . _
2774 12 16.609 15.419 -0.164160-01  ~0.47220-02
217y 13 9.895 22.702 ~0.88120-02 0.11050-01
S 2TTe . M4 174879 ... 29.437.._. 0.51360D-02 __ =0.T1360-02 ._
2774 15 7.281 37.797 0,48840=02 =0.88740-02
2714 16 ~1.249 35.760 ~0.24300-02 0.5294D~05
2174 o AT 11.087. .. 15.787 ... . 0.15280-01 ... 0.13710-02 . .
2117 1 43,860 -7.206  ~0.93010-02 0.1655D-02
2117 2 32,445 -7.276 0.?3530-01 =0.81320-02
e 2777 . 3 41.862 Ba541 =0.30070-02 __ =0.1424D=01.___
2117 11 37.589 ~7.417 -0.60780-03 +167106-01
2117 12 13.281 14,020 0.77920-03 0.12980-01
2171 13 6.976 20,986 ~0.97110-02 . =0.81790=02_____
27117 14 14.588 27.396 =~0.96040-02 ~0.56590-02
2171 15 4.695 35.581 0.26360U-02 0.2976D-02
e 2177 16 =3.380 13,718 0.15390~01 . _0.91420-02_ . _
2117 17 R.030 14,384 -0.14260-01 =0,6310D-02
2740 SR | 39.577 ~7.166 ~0.10460-02  =0.1104D-01

_ 2180 2 284335 =2.250 ~0.23270=-01 0.95300D=92

2740 11 33.408 .. -T7.397 .. 0.1799D-01 . 0.41390-02

2150 S ¥ 10,096, .- 12.874 0.55140-02 0.32110-02
. 2740 — 13 4.176 19.525. . =0.2716D-03 __=0.62890-02 ____

2740 14 11.472 25.475 G.1356D-01 0.19200-03

2130 15 2.167 31,606 “0.54041=02 0.54210-02

2740 16 -5.505 31.924 *0.36610-02 =0.58330-0Z

Plate 14: FORTBLOCK Output Listing for 12 Photo Block;

Results of Photo Coordinates
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21484 1 33,444 -5.%925 0.14950-01 044941D0-03

27488 2 22.620 -7.094 ~-0.31180-01 =-0.20010-92
21858 21.442 =7.200 ~0¢13400=02.__=0.269¢D-02 .
278% 12 . 5.653 le422 0.15090-01 0.33700-02
2185 13 0.251 17.65% 0.16500-01 =0.4T7450-02
278% .. . o lé o T.035. . _23.400 . 0.27120-02 __ _0.13410-01.__
2tas 15 ~le.42l 31.091 ~0.10760-01 Qe 34210-02
2138% lo -8.540 29.559 ~0.73980=~02 -0.,12290-01
2190 e b _29.E58 =21.421 Q.28210-02.  =0.56130-02__.
2740 4 27.6483 8.7613 -0.5%5960-02 Os215%80=-91
2790 11 23.852 -21.789 =0s43610-02 -0.25920D=-)2
2T .. 12 24152 . . =4.280 ___=0al0720=0) __ =0.12720-02
2799 i3 =2.404 1.377 0.201%D-01 0.21930-01
PRI 1% 3.238 6,482 -0.10110-01 -0.13390-01
2790 ,-_““_H_LHIS_ ~4.216 132161 . .=0.19150-02 ... 0.1637D-02
27190 17 . -2.0%4 -3.957 0.86500L-02 =0.38460=D2
PEA L] 1 26.135 -21.919 0.17300~02 U.318110-02
21395, 4 22460 6.501 ~0.47950-02. __..0.22140-02
S 215 11 184345 -22.304 . =0.24650-03 -0.33700~02
27195 12 _ -2.031 -5.921 0.71520-02 0.6652D~02
L1888 L 13 ~habbt =0.531 =0.10310=01 =04%1690=02.__
273% 14 -0.812 4,253 0.065460-02  =0.734b8b=03
2794 15 -7.715 10.708 0.1073D-01 0.21090-02
2T XX 254956 =5.603  =0.1066D-01.__ =0.,5390D0-932._.
PETY) 1 19.907 «23.402 ~0.20560-02 =0.20420-02
2420 [ 2 G.959 ~23.764 0.19530-01 0.91650-22
RV . JRPSI DU, 164724 ~11.802 =0.11550=01 __=0.23760=00
2800 4 ) 184620 . 3e684. . ~0.54040-02 .. .. 0.82450-22
REV] 11 14433« -23.779 0. 38000-02 U.1l6600-22
L2800 . 12 e =5L063 —8e275. . _=0.5G65D-02. _=0.55720~03___ -
2800 13 -9.2%06 =365 U.1ul3p=-92 Uath THL=02
RIS lée . -3.751 ' 1.417. -0.1605D-02 ~0.158710-02
P V] 15 ~l0.l4s T.6749 0a24510-02 «3THO0=02

Plate 15: FORTBLOCK Output Listing for 12 Pheoto Block:

Results of Photo Coordinates
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2400
2300
2805

240%

Uty

2310
2810

enls

c81Y

2815

281%
¢R1Y

2815

818

<820
RN T

240

16 ~15.740 60634 0.39190-02  0.60040-03
%) -8.712 ~7.943  -0.1636D-02  0.67390-03
e 164888 =24.749 =0.428720-03 ~0.20460-92.__
2 7.141  ~=25.096 0.20090-01  0.13%50-91
3 13.685  =13.718  <=0.6011D-02 ~-0.14440U-01
4 15.782 1.164 0.89190-02 __=0.16740-02 . .
3 11.361  -25.116  =-0.13020-01  0.6956D-23
12 -7.098  ~-10.388 0.9059D-02 =0.19170-31
—— 13 2114103 =5.495__=0.65710-02 —_=0.61650-02 ..
14 -5.804 -1.098  -0.13500-01  0.27475-01
15 -11.71¢ 4,908 0.16290-01 -0.,1334D~01
e M6 = 174025 32967 _=0.12910-01___=0.29560-22.. .
17 -l0.572 ~-1U.019 O.%1470-02 0.17040=-91
1 13,726  -25.087  =0.21830-06  ~0.161806-02
2 G208 ~-25.588 V.9732N=-013 0.13000=-91
T T T  0kes2 T Shaveen | <0.16690=02  =0.63n80-02
4 12.491 -0.212 “0.25730-02  0.76240=233
11 8.375  =25.54% 0.35020-02  =-0.9226D=02
) 13 -13.286 ~7.175 0.99T90-02  ~0.1497D-02
14 -8.278 =2.932  =0.66490-02  0.92020-03
15 =-13.934 2.85% ~0.76740-02 =“0.%50970~0)3
T e T T a18e93s T 10917 T 0.31990-02  0.as960-02
1 10.905  -25.523 0.34800-02 -0.35030-)2
2 1.724  =25.%93  -C.91030-03  =0.12530-02
Ty T T e TR 567 S0l 70%i0202 9.92260-05
4 9.913 -1.803  =0.75540-02  0.59150-93
o ‘il 56499 -25.943 0.69720-02 ~0.LBL20=-02
13T T 140946 L8350 <0.50390-02  =0.17330-02
14 -10.116 -4.340 0.14330=02  =-0.1725D-01
15 ~15.409 1.296 0.66501-02  0.6119D-02
16 -20.182 0.439  0.1615D-02  0.10410-91
1 8.122  =26.133  -0.36100-02 =0.74360-22
2 -0.788  -26.522 0.4U340-02  0.17710-01
3 5.070 -16.57%¢ =0,72z500=02 0.,14010H-1

Plate 16 : FORTBLOCK Output Listing for Photo Block;

Results of Photo Coordinates
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4 Ta461 » ~3.335 0.12250-01 -0.98840-02

2820
2320 11 3.043 —2§-517 -0.31480-02 -0.7253D-02
2820 13 =16.620Q =9.5564 ~0.50670=02 ___ =0.560340-02___
4120 14 ~11.%954 -5.711 0.11350-03 -0.33490-02
<820 15 -16.928 -0.221 -0.59360-02 0.1704D-02
2325. 21 5.136 =264553 =0s1232D=02  =0.71510=02 __.
2425 2 =2.941 ~26.982 0.99530-02 0.17670-01
232% 3 2.£82 ~17.487 ~0.95640-02 -0.17%20-01
4125 4 -5.110 =4.600. .. 021159D-02 ———0.13561D0=-02. ____.
«32% 11 0.782 -26.950 e 38570-02 -0.60120-03
2825 13 =18.167 ~10.780 . 0293040-03 -0.10268-02
2025 e Yo =134699. 274057 . 0a3111D-02  __ 0412400-901 ___.
<825 15 -18.423 -1.754 -0.8486D=-02 ~0.53680-02

Plate 17 :

FORTBLOCK Output Listing for 12 Photo Block;

Results of Photo Cecordinates



RESULTS
SURVEY COODRDINATES

POINT Nue 1 X Y 13
49278.137 1732571.951 58209.811
. -STUG ERRDR_____  0.46250+03 . 0.58290+03 _ .. . 0.£0%0D0403 .. ...
RESIDUALS 0.10200+04 =0.29500+03 =0.2092D+04
WEIGHT 0.000010117 0. 0UUVVL3Y8B 0.000002654

Ue 190250~

Q. 528540-01

VARTANCE/COVARIANCE MATRIX

2+21391D¢v0 0.51377D+04 U.197764D¢ 05

«34091D¢06 __ =0,21633D+05%

=Qesb 799D~ DebH%650¢06

PUINT NU.
STu. ERKOR
RE STDUALS

— . WEIUHY

- - o 0a41149D+06 .___0.2L00BD#Q5 ___ =0.113130+05

Correlation Coefficient

2 X Y z
~201044.386 L702B73,190 ... _=20687494.551
0.€4150+03 0.64650¢03 0.62020+03
“0.057¢0¢04 0.22450+03 =0.20590+03
e 0e0UBU02205 . C.000005292 .. 0.0U00005191

VARTANCE/CUVARTANCE MATRIX

Q0.675350-01 0.41797D+06 =0.3606450+05

=Je29£940-01 ~0.913990-01 0.384460D+06

Plate 18:

FORTBLOCK Output Listing for 12 Photo Block:

Results of Control Points 1 and 2
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“PUINT NO. 3 X , Y z

2594804319 1683091.248 -352071.437
STD. ERROR 0.70730+03 0.7366D403  0.6116D403
KESIDUALS 0.23390+04 20.32790+03 0.1095D+04

WF IGHT 0.000002778 0.000002778 0.000002778

VARIANCE/COVARIANCE MATRIX
0.500290+06 =0.815220¢05 0.103240+006

~0,15646D¢00  0.542630+06 =0.16626D006

T 0.238660400  =0.36904D+00 0.374070+06

PCINT NO, 11 X Y 2
-100378.527 1723742.914 -133724.700
T sTo. ERROR 0.5384D4+03 0.80970+03 0.9284D+03
ReSTLUALS -0.1879D+04  0.73690404  =0.12120+03
WETGHT 0.000000002 “0.000000002 " 0.000000002

VARITANCE/COVARIANCE MATRIX

0,289910406 ~0.83880D+05 0.590720405

<0.192390+00 0.655650+06 ~0.480430+06

T 0.118180400 0639090400 0.86186D¢06

Plate 19: FORTBLOCK Output Listing for 12 Photo Block;

t4

Results of Control Point 3 and NEC Point 11
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T TPOINT NO. 12 X Y 3

-152632.196 1438455.910 -950354.867
STD. ERROR 0.12910406  0.2529N¢04  0.1558D¢04
RESIDUALS  —0.6400D404 0.34530+04 20.9471D+04
wh 1GHT 0.000000002 0.000000002 0.000000002

VARIANCE/COVARIANCE MATRIX
0.16662D¢07  ~0.169370406  =0.2592004+06

-0.51873D-01 0.639820407 =0229790¢07

20.128910400 =0.583180+00 0.242650407

PCINT NU. 13 X Y 4
-119109.219 1306499.336  =1132545.875
STU. ERROK  0.1389D#04  0.29220+¢04  0.1757D+04
RESIDUALS -0.56G90+05 -0.11190405  =0.1511D+05

WEIGHT 0.U00000002

0.000000002 0.000000002
VARIANCE/COVARIANCE MATRIX

0. 193007 Ve732647040% ~0.08632D¢06

0.18044D-01  0.853730+07  ~0.281200+07

~0.28112D0+400 ~0.54766D+00 0.308810+07

Plate 20: FORTBLOCK Output Listing for 12 Photo Block ;

Results of NEC Points 12 and 13
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"7 PGINT NO. 14 X Y 7

1232204364 1327733.623  -1104416.700
STD. ERROR 0.1494D+04 0.26940+04  0.1526D+04
RE SIDUALS C 0.2654D404 0.44090+04  =0.6331D+04

WE TGHT 0.000000002 0.000000002 0.000000002

" VARIANCE/COVAKIANCE MATKIX

0.22329D¢07  -0.429330+06  =-0.46660D+06
~0.10066D400 0.725620407  =0.222720+07
-0.204590¢00 ~0.541720+00 0.232950407
POINT NU. 15 X Y z
154425.771 1083856.930  -1347756.507
STU. ERKUR 0.16110¢06 0. 36020404 0.22230+04
RESIDUALS ~0.4039D+04  0.4989D+04  0.31950+03

wk [UHT 0.000000002 0.000000002 0.000000002

VARTANCE/COVARIANCE MATRIX

Us 259000+07 ~0.596580+06 -0.881310¢06

© 10.10280D0+00  0.12972D408  —0.44502D+07

-0.24609D¢00 -0.55588N+00 0.49406D+07

Plate 21 : FORTBLOCK Output Listing for 12 Photo Block;

Results of NEC Points 14 and 15
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PCINT NO. 16 x Y z

-1244.288 970961.940  =1439079.114
ST0. rRRUK 0.16320+06 0.4253D+06 0.26580+04
AUy TEUALS ~0.H006D+06  =0.3064D+06  =0.57610%04
WETGHT 0.000000002 04000000002 0.000000002

VAKIANCE /COVARIANCL MATKIX
0.266460407  -0.663790406 -0.84357D+06

=3.956070-01 0.180900¢08 ~0.623830+07

-0.194430000' ~0.55714D+00 0.706430+07

PUINT N, 17 X A4 4
-224672.699 1373794.078  -1028307.070
§To. ERROR  0.13110404  0.28520404 0.17530404
RESTOUALS 0.20550+04 0.1446D+04 -0.1336D+05

WEIGHT 0.000000002 0.000000002 0.000000002

VARTANCE/COVAKIANCE MATRIX

Q0171950407 0.22312D+05 =0.48008D+06

T 0.596510-02  0.813630407  =0.29553D+07

=U0e 20N82D¢0V =0.590960¢00 0.30738D+07

Plate 22: FORTBLOCK Output Listing for 12 Photo Block;

Results of NEC Points 16 and 17
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CRCINT NOL e x Y T

169400.527 1455652.861  =551375.275
STO. ERKUR 0.11820+04 0.97360+03 0.62130+03
" KESIDUALS ~0.1726D+04 0.7521D+03 0.6254D+03
WEIGHT 0.000001260  0,000002347 0.000005923

VARIANCE/COVARIANCE MATRIX
0.13981D407 =-0.411450405 0.90692D404 -

-0.35741D-01 0.94790D406  ~0.30840D405

0412345001  <0.509860-01 0.385990+06

Plate 23: FORTBLOCK Output Listing for 12 Photo Block;

Results of Control Point 4
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residuals from the adjustment but are the differences between the adjusted
value and the initial approximated value.

To complete the picture the adjusted values from the 12 photos with
six iterations (Table 12) were processed with a program listed in Appendix III
to provide the adjusted latitude, longitude and heights above or below a sphere
of 1738.1077 km radius. The computer can provide a great number of decimals
and this is sometimes misleading towards refinement. It is felt that based
on the precision of the observations to one micron which represents a range
of 15 - 40 meters on the lunar surface, the results are significant to three
decimal places. The third decimal place of degrees also represents approx-
imately the same surface coverage ( ~ 30 meters) on the lunar surface. This
means that the estimated positions of the NEC points can be precisely located
through the photogrammetric procedures outlined in this study. The latitudes
and longitudes listed in Table 13 can be compared to Table 5 to show the more

precise NEC pcint location.

Point ® A h (km)
No. '
11 - 42428 939333 - 6.274
12 ~ 33.304 96. 057 - 7.319
13 - 40.803 95. 209 - 4.963
14 - 39.633 84.698 - 6.693
15 - 50.912 81.891 - 1.721
16 - 55.992 90. 073 - 2.101
17 - 36.453 99.288 - 7.442

Table 13 Adjusted ©, A, h of NEC Points




Perhaps it should be noted that all the heights are negative and represent
elevations below a radius of 1738.1077 km. This corresponds to various contour
maps such as the ones shown in [17]. These mathematically derived contour

maps show a general depression of the lunar sphere on the eastern limb where

these points are located.
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5. SUMMARY AND CONCLUSIONS

The results show that the system originally specified in theory [33] is
workable with real data; however, as in most real data investigations numerous
problems arise that are different or not encountered in the smooth operation
of theory.

The second generation Apollo 15 film which was of excellent quality was
evaluated, points of known control were identified although the number and
location were not ideal, and unknown points were selected. Measurements
were made and the results were reduced prior to the adjustment. The results
of the adjustment show the following:

a. As the number of photos increased through the 6 and 12 photo block
the standard deviations of the NEC points as shown in Tables 9 - 12 always
decrease. As the iterations in FORTBLOCK are processed the standard
deviations also decrease, consequently the sixth iteration of the 12 photo block
provides the most favorable solution.

b. There is no significant decrease in the standard deviations of the NEC
points from the third iteration to the sixth iteration. This implies that the
solution has reached its limitations in this project although further refinement
could probably be attained with observations on additional control points if
they were available and on additional photographs within the sequence of frames
selected.

c. Inall casesbut onethe standard deviation of the NEC Y coordinate is
greater than the X, Z coordinate as found theorectically and explained by
Sprague (33}. The one exception was NEC point number 11, the northern
most selected point. Its location is near the northern limb in the photographs
in the area similar to where the control is located. The other NEC points

range further south towards the center and lower limb of the photographed moon
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and are located closer to the nadir point of the photograph. All the photographs
were taken with the selenographic Y axis nominally towards the spacecraft

and camera, thus, the convergence is not as precise as in the X - Z direction.
This is similar to the determination of heights problem in earth-bound photo-
grammetry where the standard deviations in planimetry are less than in vertical
{10].

d. The correlation coefficient is shown on the lower triangle of the variance
covariance matrix in Plates 18 - 23 and is averaged for NEC points on Tables 9 -
12. For the same reasons as (c) above the six photo block shows higher correla-
tion between the X Y and Y Z coordinates than between the X Z coordinates. It
should be noted that correlation is considered relatively strong when > .5.

This is not as prevalent for the 12 photo block.

e. Analysis of the entire variance covariance matrix for the selenographic
coordinates of the 6 photo block shows higher correlation coefficients among
the NEC points located near the nadir of the photograph (NEC points 12 - 17)
and very low correlation among points located further away from the center
of the photographs (control points 1 - 4 and NEC point 11). Also the NEC points
located near the nadir are very lightly correlated with the control points located
away from the center. This can be attributed to the poor geometry of intersect-
ing rays to points near the center and also due to the greater weights assigned
to the control points.

Even though the procedure is workable and answers were obtained there is
a questionable area that makes the solution less tenable.

Although not discussed in the main body of the report, the adjustment of the
6 and 12 photo block had an effect on the residuals and standard deviations of the
four control points. It was expected that the relatively light weights and zero
weights on the unknown or NEC points and exposure stations respectively would
cause large residuais for these as they adjusted. In some cases the movement

of the control points and the resulting standard deviations was greater than the
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standard deviations provided by NASA, The residuals and standard deviations

from the 12 photo block are shown in the following table for the control points,

Control Point Residuals (km) Standard Deviation (km)
No. Name V, v, z, o 8 o, o,
1 F-1/10 1.020 | -.295 , | - 2.092 . 462 .584 . 809
2 CP - 3/8 - 6.576 .224 - .206 . 642 . 646 . 620
3 Ansgarius 2.334 | - .328 1.095 L1707 .737 .612
4 ACIC 69 -1.726 .752 . 625 1.182 . 973 . 621

Table 14 Residuals and Standard Deviations of Control Points

It is felt that the unique geometry not only from the spacecraft traversing
away from the lunar surface instead of acrosé as in the normal case but also the
location of the control in just the northern limb creating a very narrow cone of
intersecting rays contributed to this problem.

It is concluded that what could be dbne under the circumstances was
accomplished with optimum results and that the additional effort to take pictures
from the Apollo spacecraft from the TET to TEI + ~ one hour is minimal. Tt
provides an opportunity to use photogrammetry to extend lunar control to the
limb and farside exclusive of the passpoint operation in normal traversing
aerotriangulation. The problem of weak geometry can be handled by setting
the trajectory in a near equatorial orbit in order to place the control in a

more favorable position on the photograph and to use similar photography from
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additional Apollo missions. This would also allow for a complete opportunity
at locating and utilizing all the control points available and to provide improved

solutions through additional perspective rays.
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6. RECOMMENDATIONS

a. It is recommended that the remaining Apollo missions in the J series
continue photographing the lunar surface with the same type of metric camera from
the TEI on through TEI + 1.5 hours as in the Apollo 15 mission. Furthermore, this
project should be repeated after the Apollo 17 mission with the combined infor-
mation and film from the three Apollo flights in this series.

b. Since the 'window' of visible features is relatively narrow longi-
tudinally every effort should be made to take advantage of available control loca-
tions. The trajectory of the Apollo spacecraft after TEI in a near equatorial orbit
as in Apollo 12 and 14 would be ideal in allowing the control points, especially the
lunar landmark control, to be centrally located on the photographed moon instead
of being on the limb.

c. Even though it is recommended that the next Apollo mission TEI
trajectory be more equatorial, the same area of approximately 90° longitude
should be rephotographed. The add{tion of pictures taken from another perspec-
tive would provide improved geometry for lunar point solutions. "The results
obtained through block adjustment of combined photo data taken from two or more
simulated missions were much more promising than results secured through
adjustment of single trajectory data ' [33].

d. As discussed in Section 4. 2. 2 the lunar landmark control is the
most significant network of known control yet established and it is recommended
that the orbiting Apollo astronauts continue their sightings on similar features,
particularly on the far side, in order to densify this network.

e. In order to take advantage of all visible features photographed and
the bracketing reseau system of photo coordinate reduction it is recommended
that the TRANC 4 program be modified. The current procedure of requiring

four bracketing reseaus should be changed in order to accomodate all visible
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features near the terminator and limb by using a variable number of reseaus.
For example, if only three reseaus surrounding an image are available the
feature and reseaus would not be measured. Because of the particular nature
of the photography a refinement would allow the use of a variable number of
surrounding or nearby reseaus, thus making all visible features eligible for
measurement.

f) An alternative method of solving for the adjusted control and NEC .
points is to constrain the coordinates of the exposure station. NASA has recently
made available for each photo frame a myriad of details on computer output
termed APE (Apollo Photographic Evaluation). Part of the data includes the six
elements of exterior orientation including the standard deviations as computed
from various external sources [24]. It is recommended that the next real data

report include the processing of these data using the following form:

where: 1 a transformation matrix of unit vectors from

o]
i

selenographic coordinate system (SG) to local

horizontal coordinate system (LH)
—~ - T T T T
[_f((,D,w,-x)J = [R(D] [Rw] [Rn]

The selenographic coordinates of the points and exposure stations must be trans-

=
L—
il

formed to the local horizontal coordinate system since the rotation angles are
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from local horizontal coordinate system to the camera axes. It should be noted
that the orientation angles as described in [24] are of a rotation sequence with
¢© primary instead of w primary as used in the programs in this study. Prior
to use of the APE data the partials of the observation equations leading to the
normals would have to be reevaluated; however, this has been accomplished
and is available.

g) It is recommended that a project similar to the Orbiter series
be initiated and designed specifically for investigating and mapping the moon.
Unmanned orbiting spacecraft with mapping cameras in orbits similar to Orbiter
IV and V would be closer to the surface and would provide better perspectives
than the post - TEI trajectory used in this study. With maximum utilization of
the Lunar Landmark Control Network, extension of control over the surface

using photogrammetric procedures would be both feasible and reliable.
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APPENDIX I

LIST OF ORBITER IV PHOTOGRA PHS WITH ACIC CONTROL INDICATED

39H3 73H2 90H3 109H2 131H3 151H3
46 76H2 95 109H3 133 156
47 77H1 95H2 110H1 134H1 156H2
53H2 TTH2 96 112 134H2 156H3
53H3 78 97 113 136H3 157H2
54 78H1 97H1 113H1 137H1 157H3
59H3 78H3 97TH3 113H2 137H3 158H2
60 79 98H1 114H1 138 160H2
60H2 T9H1 98H2 114H3 138H3 162
61 80H1 100H3 115 139 163H3
61H1 84 101H1 120 139H2 168
64 84H1 101H2 120H3 143 177H1
66H1 85 101H3 121 143H1 184
66H2 - 85H1 102H1 121H1 143H2 185H1
66H3 85H3 102H2 122 144

67 86H1 102H3 122H1 144H2

67H1 86H2 103H3 122H2 145H3

72 86H3 104 125 148H2

7ZH1 88H2 106H3 125H2 149

72H2 89 107 125H3 149H3

72H3 89H1 108H2 126 150

73 89H3 108H3 127 151H1

73H1 90 109H1 130H3 151H2
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APPENDIX 1I
(Programmed by Mr. Deward R. Watts May, 1970)

TRANC4 - PROGRAM FOR TRANSFORMING
COMPARATOR COORDINATES INTO PHOTO COORDINATES

PURPOSE: The purpose of the program is to perform a general affine trans-
formation between the observed comparator coordinates and the
required photo coordinates.

THEORY: The program consists of four steps:

(1) the input of the standard reseau grid and the photo coordinate input,
(2) the formation and application of the transformation parameters,
(3) the application of corrections for radial distortions,
(4) the output of the photo coordinates in a form compatable with
the input for the FORTBLOCK adjustment program.

The reseau grid is set up by reading cards containing the reseau identi-

fication number which serves as a subscript in the CR array and the x and y coor-
. dinates of that point as taken from the calibration report.

After the reseau grid has been set up the control parameters INFO (1),
COND, TYPE are input. COND may be either RIGHT, LEFT or BOTH, depend-
ing on the position within the comparator, of the plate (s) viewed. TYPE indi~
cates whether the plate (s) were positive or negative (POS or NEG). Following
the control parameters, the center cross and photo coordinates are entered in
the order described in the section title INPUT/OUTPUT FORMATS.

During the second phase of the program, the control parameters COND
and TYPE are checked. If an invalid keyword was input, the program accepts
COND = LEFT and TYPE = NEG by default. Because of the different possible
operating conditions, a second array, TFORM, is formed. TFORM contains all
of the necessary information to transform one point. In order to begin the trans-
formation, it is necessary to retrive the coordiﬁates of the bracketing reseau
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point from storage in the CR array. This is done by computing ID1 and ID2,
where ID1 is the Jth element and ID 2 is the Ith element of the CR (1, J, K)
array. Prior to computing ID1 and ID2 the y comparator coordinate of a
TYPE = POS plate has been shifted by 1000. This insures the proper reseau
point will be retrieved from storage. From this point on, the affine trans-
formation, based on four reseau points, proceeds.

The adopted general affine transformation is represented by:

x = A0+ Alx' + A2y’
y = BO+Blx' + B2y’
where
x’', y' = photo coordinates (center cross origin)

X, ¥ = comparator coordinates
AO, BO = origin shift

Al, B1l, A2, B2 = remaining coefficients of the
affine transformations

The coefficients of the affine transformation are computed by adjustment of
the four x and four y comparator coordinates of the bracketing reseau points.
The average of the four repeated comparator observations of the object
point image is computed and then transformed to its photo coordinates values.
Use is made of the parameters determined in the above adjustment in the follow-

ing back solution equations derived from the original affine equations above.

P
Il

AO +Alx" + A2y’
BO + Blx’' + B2y’

EREEIRHRE .
B ) s
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, _ B2 (x-A0) - A2(y - BO)

x = A1B2 - A2B1
, _ =Bl (x-AO)+Al(y-BO)
y A2B2 - A2B1
, _A2(y - BO) - B2 (x - AQ)
X A2B1 - A1B2
. _ Bl (x-AQ)-Al (y - BO)
y A2B1 - ALB2

All image points lying within the common bracketing reseau region are

then processed by the above affine transformation. Subsequent points are then

processed entirely independently using new adjustments for each new reseau

region,

After the transformation parameters have been computed and applied,

corrections for radial distortion are applied. The output array, CP, is formed

and the point counter incremented. If COND = BOTH was specified, the counter

is incremented after the photo coordinates for the second plate have been

processed. The CP array is then printed and punched and control returned to

the main program.

LANGUAGE AND COMPUTER: Fortran IV IBM System 370/165

AVERAGE COMPUTATION TIME: 12 seconds
INPUT/OUTPUT PARAMETERS

SUBROUTINES:

DGMTRA

DGMRRD

RADISI

Transposés a double precision, general matrix.

Returns the product of two double precision gen-
eral matrices.

Applies a correction fqr radial distortion to the

photo coordinates.
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DSQRT

ARRAYS:
INFO (4)

CR (11, 11, 2)

CCO (50, 10, 4)

Returns the double precision square root of an

argument,

A vector which contains the following information:

(1) the job number

(2) the number of points on the photograph

(3) the image photo number of the left comparator
plate

(4) the photo number of the right plate.

An array which contains the coordinates of the reseau

points generated by the Reseau Measurement Task,

project (RMT).

In the form CCO (I, J, K) the array contains the

following information. I =1, 50 is a counter for

the number of points on the photograph. J =1, the

point identification number. J =2, the x compara-

tor coordinate of an object space point in the left

photo. J = 3, the y coordinate of an object space

point in the left photo. J =5, the x coordinate of an

object space point in the right photo, J = 6, the y coor-

dinate of an object space point in the right photo, J = 7,

the x coordinafe of a bracketing reseau point in the

left photo, J = 8, the y coordinate of bracketing reseau

point in the left photo, J = 9, the x coordinate of a

bracketing reseau in the right photo and J = 10 the y

coordinate of a bracketing reseau in the right photo.

K =1, 4 the identifying numbers of the bracketing

reseau points.
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CP (50, 12)

CC (4)

FIMAGE (4)
INDEX (4)
B(4, 3)

EX (4), EX (4)
BT (3.,4)

UX (3), UY (3)

C (3, 3)

TFORM (4, 4)

PARX (3) PARY (3)

An array containing the elements to be output by

the array in the form indicated in the TRANC 4
subroutine, of the program listing.

A vector containing (1) the x coordinate of the left
plate center cross, (2) the y coordinate of the left
plate center cross, (3) the x coordinate of the right
plate center cross, (4) the y coordinate of the right
plate center cross.

A vector which aids the input of the standard reseau
gfid genei'ated by the RMT project.

A vector which aids the input of the standard reseau
grid generated by the RMT project.

An array containing the partials of the observation
function with respect to the transformation parameters.
Two vectors containing the residuals in x and y.

The transpose of the B matrix.

Two vectors representing the constant vector of the
normal equations. _

An array representing coefficient matrix of the normal
equations..

An array containing (1) the x coordinate of an object
space point, (2) the y coordinate of an object space
point, (3) the x comparator coordinate of a reseau
point, (4) the y comparator coordinate. The above
information is stored for all four reseau points
bracketing the object space point, whose coordinates
are to be transformed into the photo coordinate system.
Two vectors containing the corrections to the initial

approximations of AO, Al, A2, and BO, Bl, B2.
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SCALARS

COND

TYPE

EOD

NPOINT

RIGHT

BOTH

LEFT

NEG

POS

RI

AO, Al, A2
BO, Bl1, B2

SUMX, SUMY

A variable indicating whether the routine is to
operate on the values from the left or right plates

or both.

A variable containing the type of processing which
produced the plate, positive or negative.

An indicator used to show the END OF FILE condition
has been encountered.

A counter based on the number of points on a photo
and used to index the CCO array.

A variable containing the hexidecimal representation
of the word "RIGHT, "

A variable containing the hexidecimal representation
of the word "BOTH, "

A variable containing the hexidecimal representation
of the word "LEFT, "

A variable containing the hexidecimal abbreviation
""NEG. "

A variable containing the hexidecimal abbreviation
"POS., "

A variable representing the reseau interval.

Coefficients of the affine transformation from compara-
tor to reseau (photo) coordinate system.

Variables containing the total of the X and Y coordi-
nates of the object space coordinates summed over

all four observations.

Variables representing approximations of the point

in the comparator coordinate system.
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XAVG, YAVG

DENOM

TERM 1

TERM 2

XPRIME

YPRIME

XP, YP

DISTOR

INIT

JPOINT

ICOMP
K1, K2

iD1, ID2

Variables containing the mean values of the object
space point comparator coordinates.

The determinant of the C matrix.

A variable containing the computed value of the
denominator in the transformation equation.

A variable representing the difference in the mean of
the Y object space comparator and the corrected
initial approximation of the Y center cross-coordinate.
A variable representing the difference in the mean of
the X object space comparator and the corrected
initial approximation of the X center cross-coordinate.
A scaler variable containing the X coordinate of the
object space point in the res.eau system.

A scaler variable containing the Y coordinate of the
object space point in the reseau system.

Variables representing the photo coordinates after
corrections for radial distortion have been

applied.

A variable representing the magnitude of the radial
distortion has been applied.

A variable which serves as an indication of the
information contained in COND, INIT = 0 for the

left plate INIT = 2 for the right plate.

A counter based on the number of points processed
by the routine for a given point.

An indicator on which to branch to the output section.
Variables representing which pair of center cross
coordinates are to be used during computation.

An indicator on which to branch to the output section.
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K3 A variable containing the value of the increment
applied to the J th subscript of the CP (I, J) array.
This value is dependent on the values stored in
COND and INIT,

IPHOTO A variable containing the photo number expressed in
integer form.

1, J, K, L, IT, Variables used as temporary storage and counters

JJ, TEMP, TEMPI throughout the program.
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APPENDIX II1

PROGRAM FOR CALCULATING @, \, h FROM X, Y, Z

PURPOSE: The purpose of the program is to solve for latitude, longitude
and heights above a lunar sphere of radius 1738. 1077 km of points
given the selenographic coordinates X, Y, Z.
THEORY: The solution is relatively straight forward for a sphere, however,
the program was written to solve for the general case of ellip'sbid\s;

using the following mathematics:

p=\/X2+Y2 = <N+h> cos ¢
so

h=—+— _n

2 _p? ‘ o
7 = <N—E——;2——-N+h> sing = < N+h-_e2N>sin<p

after dividing by p

Z 2 \
t = —— 1_ \
ame =3 ( "¢ N+n /

if h = 0 for first approximation

N is computed

- ! 2 < R
N a° cos® @ +b° sin® @

solving for new h

i
Z

cos @
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inserted into

tan @ =%<1-e2 Nl-\:h >_1

using ¢ improved values are found for N and h. This procedure is

repeated until ¢ and h differ by <1 x 10 2
Longitude is found directly

tan A = %
LANGUAGE AND COMPUTE_R: Fortran IV IBM system 370/165
AVERAGE COMPUTATION TIME: 5 seconds for 11 points
INPUT PARAMETERS:
A, B Semi-major and semi-minor axes of the ellipsoid
in meters; in this case they are equal.
X, Y, Z Selenographic coordinates from FORTBLOCK adjust-
ment for control and NEC points.
OUTPUT PARAMETERS:
©, A, h Latitude, longitude and height above or below the
radius. Latitude and longitude are given in degrees,
minutes, seconds and degrees and tenths, The height

is given in meters.
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